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Preface
The initial goal of this PhD project was to study the role of the Pistil Pollen Allergen 
Like (PPAL) protein in plant reproduction. During this study, it became clear that 
PPAL, though bearing strong similarity to β-expansins, did not show such activity 
and could not fulfi l its expected function in wall loosening. Unexpectedly, a Lipid 
Transfer Protein appeared to possess cell wall loosening activity. With this exciting 
new fi nding, the focus was directed mainly to the characterizations of LTP, and to 
its expression, structure, mode of action and general cellular function in the walls 
of expanding plant cells. Because the cell wall plays such an important role in this 
research, the general introduction will mainly focus on the structure and dynamics 
of the cell wall. 
The growing plant cell wall
Introduction
Plant cells are confi ned by a cell wall, which defi nes the shape and rigidity of the cell 
and determines thereby the structural integrity of the entire plant. In addition, the 
wall forms a barrier against pathogen attack and interconnects cells. One striking 
fi nding of the Arabidopsis genome was that the cell uses about 2500 genes to 
construct and to regulate the wall in its synthesis, composition and rigidity (1). This 
large amount of genes shows the utter importance of the cell wall. On a yearly basis, 
all the plants worldwide produce 180 billion tons of cellulose, which is the largest 
part of the global biomass. Cellulose, the building blocks of the plant cell wall, has 
enormous commercial value as products ranging from wood, paper and cotton to 
thickeners, glues and explosives.
Two types of cell wall exist in higher plant: primary walls and secondary walls. The 
primary wall is synthesized during the growth of a plant cell and it can extend. When 
cells cease to grow, a secondary wall is produced and generally the wall will extend 
no longer. Two types of primary walls are found: class I walls, present in most plants 
and class II walls, present only in Poaceae (monocots). This chapter will describe the 
structure of the class I primary wall.
Components of the cell wall
Essentially, the cell wall is a hydrated polymeric network of cellulose fi brils embedded 
in a matrix of hemicelluloses, pectins and proteins. The cellulose microfi brils consist 
of linear chains of (1→4)β-linked D-glucose (Figure 1). The inner part of the 
fi bril is crystalline whereas the outer region is relatively non-crystalline and more 
amorphous. These chains of 2000-25000 glucose residues (2) are non-covalently 
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associated to form the 5-15 nm wide and many micrometers long microfi brils 
(Figure 2). 
Each chain begins and ends at different places in a microfi bril (3). The microfi bril 
is effectively unextendable and is able to cope with a stress (= force/area) of more 
than 1000 bar (100 MPa) (4). The biosynthesis of cellulose takes place in hexagonal 
rosette structures in the plasma membrane. Each of the six large subunits in the 
rosette is proposed to consist of six CESA catalytic subunits. One rosette produces 
an “elementary” microfi bril that contains 36 glucan chains; an area in the plasma 
membrane containing many rosettes produces the cellulose fi bril (5).
In class I primary walls, xyloglucan is the principle hemicellulosic component 
(21% of the dry weight) and is, unlike cellulose, produced in the Golgi-apparatus. 
Xyloglucans are the crosslinks in the cellulose microfi bril network and they only 
associate with newly synthesized cellulose (6). Like cellulose, xyloglucans have a 
backbone of (1→4)β-linked D-glucose residues and the backbone conformation 
resembles cellulose: a two-fold helix which creates a rigid straight ribbon-like 
structure as was shown by X-ray diffraction analyses on Tamarindus indica 
xyloglucan (7). When xyloglucans are extracted, they are mostly 400 nm long but 
their length differs from 20 to over 700 nm (8). This length is much longer than 
the distance between two adjacent cellulose microfi brils (9,10) and therefore it is 
likely that xyloglucans are present in various conformations such as twisted helix 
and fl at ribbon. In contrast to cellulose, xyloglucans are branched by the addition of 
numerous α-D-xylosyl residues at C6 of the glucosyl units of the backbone. These 
Figure 1. Schematic drawing of the molecular structure of a crystalline cellulose microfi bril. Only four 
cellulose chains containing each 6 glucose residues are depicted in 2D showing the hydrogen-bonds 
(dotted lines) that gives cellulose its strength. 
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branches can further be extended to form oligomers containing galactosyl, fucosyl 
and/or arabinosyl residues. Computer calculations indicate that the xylosyl residues 
bound to the rigid backbone are very fl exible (11). The structure and composition of 
these xyloglucan side chains varies throughout plant tissues and species (11,12). For 
example, it appears that xyloglucans from the Solanaceae species Nicotiana tabacum 
(13) and Solanum tuberosum (14) are structurally different from other dicots: they do 
not contain fucosyl but have arabinosyl residues instead and their backbone contains 
fewer substituted xylosyl residues. 
Probably the most important feature of xyloglucan is its ability to associate 
with cellulose to form a network. This association is strong, most likely caused 
by hydrogen bonds, and very specifi c (15). It has been proposed that, in the 
macromolecular organization of the cellulose/xyloglucan network, there are three 
different domains in the xyloglucan molecule (12). This was based on differential 
extraction of xyloglucan from etiolated pea stems. Approximately 8% of the dry 
weight of the cell wall consists of xyloglucan that is extractable with a xyloglucan-
degrading enzyme (XEG). This fraction corresponds to the molecular domain that 
Figure 2. Picture obtained with an Atomic Force Microscope showing the cellulose fi brils produced by 
Acetobacter xylinus growing in a medium containing xyloglucans. The fi brils are orientated randomly 
and show a defi ned width. Some fi brils are combined in a helicoidal orientation to form a thicker fi bril. 
The more globular structures may be coagulated xyloglucan molecules. The picture was made using 
tapping mode with a special small tip. The total width of the picture comprises 10 µm. Picture by Jan 
Gerritsen, Department of Experimental Solid State Physics II, University of Nijmegen.
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cross-links and bridges two cellulose microfi brils and it becomes exposed to the 
enzyme. In addition, any exposed loops or tails that extend away from the microfi bril 
are included in this fraction. The XEG-reactive fraction is covalently attached to a 
second xyloglucan domain, which is extractable under basic conditions and comprises 
10% of the wall. The close but non-covalent association with the cellulose microfi bril 
makes it inaccessible for the xyloglucan-degrading enzyme. The third xyloglucan 
domain (3% of the wall) is entrapped within or between cellulose microfi brils, 
inaccessible for either XEG or chemical extraction. Only cellulase treatment is able 
to remove this domain suggesting that it associates with a relatively crystalline region 
of the microfi bril. Very little of domain III is covalently bound to the XEG-reactive 
domain I. Figure 3 shows the model proposed by Pauly et al. (12) that explains the 
organization of the three domains in the xyloglucan/cellulose network.
The cellulose/xyloglucan matrix, which gives the wall its structural rigidity and 
strength, is embedded in a second matrix of pectins, polysaccharides consisting of 
α-1,4-linked galacturonate. The pectin matrix is thought to determine wall porosity, 
wall pH and ion balance, and is thought to play a role in the signalling during plant-
pathogen interactions. Although the pectin matrix is in principle independent of the 
cellulose/xyloglucan matrix, they probably interact with each other. The composition 
of both matrices can change during cell development or in response to stress (3). 
The third matrix besides the cellulose/xyloglucan and the pectin matrices consists 
of structural proteins (16). The major part of these proteins is extensins, a class of 
Figure 3. The three different domains of xyloglucan in the cellulose/xyloglucan network. The 
xyloglucan domain I is extractable with XEG, domain II is extractable under basic conditions and 
domain III can only be extracted when the cellulose is treated with cellulase.
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hydroxyproline-rich glycoproteins (HRGPs) with a high pI that might form cross-
links with other proteins. In this way, extensins are thought to rigidify the wall after 
elongation, pathogen-attack and wounding (17). 
Cell wall extension
In a model by Kutschera (18), stem elongation is the resultant of the interaction 
between inner and outer cells. While the extendable inner cells have a high turgor 
pressure and are the driving force of stem elongation, the outer peripheral cells 
regulate and limit the elongation by loosening and stiffening their wall. During wall 
extension, the deformation of the wall is irreversible (plastic deformation) and is 
dependent on the metabolism of the protoplast. To induce growth, the cell exports 
or activates some “wall loosening factors” which is the onset of cell growth. About 
30 years ago it had been proposed that in auxin mediated growth, hydrogen ions are 
the wall loosening factors (19). This idea and following supportive data gave rise to 
the “acid growth theory”.
The acid growth theory states “when exposed to auxin, susceptible cells excrete 
protons into the wall (apoplast) at an enhanced rate, resulting in a decrease in 
apoplastic pH. The lowered wall pH then activates wall-loosening processes, the 
precise nature of which is unknown”(20).  The following data strongly support 
the theory: auxin treated apices secrete protons in response to auxin and lower the 
wall pH by as much as a full pH unit; treatment of these auxin-inducible tissues 
with acidic buffers leads to cell extension, whereas buffers of neutral pH inhibit 
auxin-induced growth; fusicoccin, which extensively acidifi es the wall, causes wall 
extension (20,21).
The fi nding that wall protein denaturation inhibits elongation demonstrated that wall 
extension requires active proteins (22). A key fi nding was that application of active 
wall proteins recovers wall extension (23). This extension can be measured in an in 
vitro assay, as described by Cosgrove (22): cucumber hypocotyls or wheat coleoptiles 
are abraded to remove the cuticula and are boiled to denature endogenous cell wall 
proteins. Then the hypocotyls are clamped into a cuvet in the “extensometer”. There, 
a constant force is applied to the hypocotyls and the extension is measured by a 
displacement transducer (LVDT) connected to a computer (Figure 4). 
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The architectural basis of wall extension
The three dimensional architecture of the cellulose/xyloglucan complex is important 
for the mechanical properties of the cell wall. Wall extension requires modifi cation 
of wall architecture to loosen the stress-bearing network of cellulose and xyloglucans 
and to permit incorporation of new wall material. It has been shown that the 
organisation of wall architecture is tissue- and species-specifi c: in elongating carrot 
stem cells, cellulose microfi brils, xyloglucan and pectins are transversally orientated 
with respect to the long axis of the cells, whereas walls of carrot and tobacco 
suspension cells show no specifi c orientation of their wall components (24). In the 
two-component model by Kutschera of stem elongation, the cellulose microfi brils in 
the walls of the inner cells are transversally deposited with respect to the elongation 
axis. By contrast, the microfi brils in the walls of the epidermal cells are orientated 
in both transverse and longitudinal directions, in a staircase-like structure called 
helicoidal (25-27). Because of this organization, the inner cells extend along the 
elongation axis, but the outer cells with a helicoidal wall expand in all directions. The 
helicoidal structure of the wall is probably determined by a gradual reorientation of 
the microfi brils from transverse to longitudinal during their deposition (25,28,29). 
This deposition and reorientation were demonstrated in elongating cells in Petunia 
stylar tissue (30) and further quantative measurements on fi bril orientation revealed 
indeed the gradual shift in orientation in different wall layers (31).
The average cellulose microfi bril orientation is very important for the mechanical 
characteristics of the cell wall. It has been shown that if force is applied transverse to 
cellulose microfi bril orientation, the wall is very elastic, whereas if the force is applied 
parallel to cellulose microfi bril orientation, the wall is stiffer and undergoes plastic 
deformation. In walls of Kalanchoe epidermal cells, the orientation of cellulose 
Figure 4. The extensometer. The cell wall sample is clamped into the cuvet on which a constant force 
is applied. The extension is measured by a LVDT and the data is captured on a computer. Picture by 
Bastiaan Huisman.
Introduction
17
microfi brils is random and these walls exhibit both elastic and plastic deformation 
(32). Some authors argue (33) that walls isolated from growing cells exhibit a 
reversible (viscoelastic) deformation, others that the cell changes size by both 
deforming reversibly and irreversibly (plastic deformation). It has been demonstrated 
that these two superimposed wall properties could be separated in living cells by 
changing the temperature. Elastic deformation is independent of growth and occurs 
also in non-growing cells. In growing cells, low temperature did not alter the elastic 
effects of cell walls but it did eliminate growth and plastic deformation (34). 
Models for cell wall extension
Historically, two models were proposed for wall extension during “acid growth”. Both 
models assume a cross link between cellulose microfi brils and xyloglucans (Figure 5). 
The fi rst and oldest model assumes that the load bearing cellulose/xyloglucan link 
is broken by an hydrolysing (cutting) enzyme. Particularly, the enzyme xyloglucan 
endotransglycosylase (XET) was a very good candidate for wall extension because 
it is able to break and rejoin polysaccharides. However, McQueen-Mason et al. 
(35) could not detect any in vitro wall extension activity of XET. In addition, auxin 
treatment that leads to stem elongation in Pea, did not enhance XET activity. In 
conclusion, XET mediated cell wall extension in not well supported in literature.
An alternative model for cell wall extension, which does not need the hydrolysis of 
polysaccharides, was proposed by Cosgrove and McQueen-Mason (22,23). Isolated 
proteins, called expansins, from growing cucumber hypocotyls recovered the 
extension of denatured hypocotyls, proving the extension activity of that expansin. 
Although expansins have a weak sequence similarity to the catalytic domain of a 
small family of endoglucanases  (36,37), tests to prove the hydrolytic activity on 
polysaccharides failed thus far (35). Similarly, experiments to mimic the effect of 
expansins with wall hydrolases also failed (38). Furthermore, expansins were able 
to weaken pure cellulose indicating that expansins are able to disrupt the hydrogen 
bonds in the substrate. This conclusion was supported by the observation that 
expansin mediated wall extension is enhanced by urea, which also weakens hydrogen 
bonds, and that extension is decreased if deuterated water, with stronger hydrogen 
bonds, was used in extensometer experiments instead of normal water (39). Based 
hereon, Cosgrove and McQueen-Mason postulated the following model of expansin 
action in wall extension, quote from (39): “The protein binds to a hydrogen-bonded 
polysaccharide complex at the surface of cellulose microfi brils (water may serve as an 
intermediate partner in the hydrogen bonding of the complex). Because expansins 
associate more tightly with cellulose coated with matrix polysaccharides than with 
clean cellulose or with soluble matrix polysaccharides (unpublished observations), 
we suggest that expansins act at the interface between the microfi bril and the matrix 
by disrupting hydrogen bonding between a heteroduplex 3 or 4 sugar residues 
length. If the polysaccharide complex bears wall stress, the two polymers will tend to 
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pull apart when bonding is weakened in this fashion and such action, once started, 
will tend to go to completion because wall stress borne by the polymers will become 
concentrated in the remaining bonds that bind the two polymers together. Once the 
hydrogen-bonded complex has pulled apart, the protein releases because its affi nity 
for single chains is much less than for the paired complex. It is now ready to bind 
another complex and start the cycle again. The catalytic activity in this hypothetical 
cycle is unusual because it is driven not by chemical energy but by mechanical energy 
(the energy released by stress relaxation of the polymers)”. Cosgrove estimated that 
Figure 5. Schematic impression of the molecular structure of a partial xyloglucan molecule associated 
with cellulose. For clarity, only the association with one cellulose chain is depicted. Xyloglucan consists 
of a same linear glucosyl chain as cellulose but with numerous xylosyl side chains at regular intervals. 
Some xylosyl units are substituted. The backbone of the xyloglucan molecule is in a cellulose-like 
conformation facilitating xyloglucan-cellulose hydrogen bonding (dotted lines). It has been suggested 
that the fucosyl-galactosyl-xylosyl side chain forces the backbone in this conformation (40). 
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a stretch of 3 or 4 glucose residues on the glucan backbone could be dissociated by 
one expansin molecule.
In the model of Cosgrove, expansins cause the slippage of cellulose microfi brils 
leading to turgor-driven polymer creep which is the base for wall extension. The 
complicated cell wall can be simulated using composite material produced by 
Acetobacter xylinus (41). Expansins do not work on Acetobacter produced cellulose 
only, but they do work on composite material consisting of cellulose produced in 
presence of xyloglucans (42). This fact supports the idea that expansins loosen the 
cellulose/xyloglucan cross-links.
Expression studies and physiological experiments demonstrated that α-expansins 
function in a broad range of plant processes for which cell expansion is required: plant 
growth (43,44), fruit softening (45), rapid tissue elongation during submergence 
(46,47) and the initiation of root hairs (48) and leaf primordia (49). The function 
of β-expansins is unclear but at least of them was proposed to function during 
plant reproduction: ZeaMI, isolated from maize pollen, was suggested to facilitate 
pollen tube growth by softening the walls of the maternal tissue (50). Furthermore, 
the β-expansin homologue PPAL was shown to be expressed in the tobacco pistil. 
However, the in vivo function of β-expansins has never been proven.
Plant reproduction
Introduction.
Flowering plants or anthophytes alternate between the dominant sporophytic 
generation and a reduced gametophytic generation. The female gametophyte or 
embryo sac produces the egg cell and the male gametophyte or pollen produces 
sperm cells (Figure 6). The interaction between male sporophytic (pollen) and 
female sporophytic (pistil) tissue starts when pollen land on the surface of the stigma. 
Here, the pollen grain hydrates, germinates and the pollen tube emerges from the 
grain. The pollen tube then penetrates the cuticle of the stigma cells and invades 
the intercellular matrix of the secretory cells. Between the stigma and the ovary, 
the pollen tube grows through the transmitting tissue of the style. The transmitting 
tissue nourishes the pollen tubes and at the same time inhibits the growth of invading 
pathogens and incongruent alien pollen tubes.  When the pollen tube emerges from 
the style and enters the ovary, its path is no longer closely lined with cells. Here, the 
pollen tube grows over the placenta towards the ovule and reaches the micropyle, 
the entrance to the embryo sac. Finally, the pollen tube bursts and delivers the two 
sperm cells in the female gametophyte: one fuses with the egg cell, thereby forming 
the zygote, while the other merges with the central cell, giving rise to the endosperm. 
This double fertilization, typical for angiosperm plants, marks the starting point for 
embryo and seed development and concludes the reproductive process.
Chapter 1
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Pollen tube growth
The growth of pollen tube occurs exclusively at the tube’s tip. This type of growth 
requires a specialized organization and specifi c program of gene expression (51,52). 
The whole tube is a specialized tool to deliver the sperm cells to the embryosac. In 
order to grow at a fast rate and over a long distance, the pollen tube has a metabolically 
highly active cytoplasm and an axial cytoskeleton connected to the cell membrane 
and cell wall. The material of the plasma membrane and cell wall necessary for pollen 
tube growth is deposited by Golgi-derived secretory vesicles (SV) (53). 
The pollen tube wall is different in composition from that of other plant cells (54-
56). The outer (primary) cell wall of pollen tubes is composed mainly of pectins and 
is completely secreted by the SV (57,58). The pectin matrix can exist in a non-rigid 
form when the pectins are esterifi ed and consequently cannot bind Ca2+ (59). The 
pollen tube pectin layer is secreted in its esterifi ed form and may be gradually de-
esterifi ed. De-esterifi ed pectins aggregate and rigidify in the presence of Ca2+ ions 
and form then a rigid insoluble gel. 
The inner layer (secondary wall) that covers the tube is composed mainly of callose, 
polysaccharides with a backbone of (1→3)β-linked D-glucose residues, but the tube 
also contains a considerable amount of cellulose. These secondary wall components 
have never been found in secretory vesicles and are most likely produced by enzyme 
complexes in the plasma membrane. Tip growth does not depend on wall extension 
and therefore does not require loosening of the cell wall. It seems rather unlikely 
that cell wall loosening proteins would have a direct effect on pollen tube growth. 
Figure 6. The angiosperm fl ower. 
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Nevertheless, proteins that loosen the cell wall may increase the porosity of the tube 
wall and therefore facilitate the uptake of large molecules (60,61).
Pollen-pistil interaction and pollen tube growth
The stigmas of Angiosperms can be classifi ed into dry or wet. The wet stigma of 
solanaceous species produces a sticky fl uid or exudate (Figure 7). This exudate is 
secreted by the secretory zone of the stigma and is composed of polysaccharides, 
proteins and lipids. It has been shown that the lipid fraction of the exudate is 
essential and suffi cient for directional pollen tube growth (62). Because of these 
interesting fi ndings, the role of the other compounds such as polysaccharides and 
proteins becomes intriguing. Some of these proteins have been demonstrated to be 
pathogen-defence related (63,64). Enzymatic analysis shows that the exudate bears 
various enzymes with a broad range of activities (Figure 8).
In species with a dry stigma, the pollen is characterised by a pollen coat, composed 
of lipids and proteins, which surrounds the exine (65). At pollination, the pollen 
coat liquidizes and a contact zone between the pollen and stigma cells is established. 
This contact zone is a prerequisite for pollen hydration: only the pollen grains with a 
direct contact to stigma cell hydrate whether adjacent pollen fail to hydrate. 
In conclusion: whether the stigma is wet or dry, pollen tube growth in the pistil seems 
to be largely mediated by lipids, carried either in the exudate or on the pollen coat. 
Another common feature between species with wet and dry stigma is the presence 
Figure 7. Cryo-fi eld emission scanning electron microscope picture of the surface of a young tobacco 
stigma. Exudate droplets (arrow) are emerging from the epidermal cells.  
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of β-expansins, either released by the pollen grains as in maize, or secreted in the 
exudate as in tobacco and petunia. According to Cosgrove et al., this class of proteins 
may facilitate pollen tube growth in the pistil (50). However, to date it is not known 
whether β-expansins work directly on the wall of the pollen tube, or indirectly, by 
softening the pistil tissues for pollen tube growth.
Outline of the thesis
The idea, formulated by Cosgrove, that cell wall loosening of the maternal tissue 
facilitates pollen tube growth is a central theme of this thesis. This idea was 
originally proposed for β-expansins released by maize pollen. Since the pollen coat 
of dry stigma type plants, like maize, bears a functional similarity with the exudate of 
wet stigma type plants (e.g. tobacco and petunia), this research was started with the 
analysis of the putative function of the pistil-specifi c β-expansin homologue PPAL 
in pollen-pistil interaction. Its expression, production and analysis of transgenic 
plants lacking PPAL expression will be presented, as well as the cell wall loosening 
activity of PPAL using an extensometer assay. 
These studies on PPAL eventually have lead to the identifi cation and characterization 
of Lipid Transfer Proteins (LTP) as a new type of proteins that enhance wall 
extension. The purifi cation and expression pattern of LTP in the tobacco pistil will 
Figure 8. Apizym enzyme assay performed on tobacco exudate extract. Each well corresponds to 
specifi c enzymatic substrate. Darker colour indicates reaction.
Assay Assay Assay Assay
1 Control 6 Leucine arylamidase 11 Acid phosphatase 16 α-glucosidase
2 Alkaline 
phosphatase
7 Valine arylamidase 12 Naphtol-As-BI-
phosphohydrolase
17 β-glucosidase
3 Esterase C4 8 Cystine arylamidase 13 α-galactosidase 18 N-acetyl-β-
glucosaminidase
4 Esterase lipase 
C8
9 Trypsin 14 β-galactosidase 19 α-mannosidase
5 Lipase C14 10 Chymotrypsin 15 β-glucuronidase 20 α-fucosidase
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be discussed. Finally, the study of LTP mediated cell wall extension and the 3D 
structure of the protein lead to a model for the working mechanism of LTP in wall 
extension.
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Abstract
The exudate secreted by the tobacco stigma mediates the fi rst contact between pistil 
and pollen. It is mainly composed of lipids with some polysaccharides and proteins 
and it is essential for successful pollen germination and pollen tube growth. One 
of the proteins in the exudate has been identifi ed as the β-expansin homologue 
PPAL. Expansins are proteins that facilitate wall extension during cell growth. 
In this study, we attempted to determine the function of PPAL using various 
approaches. Immunolocalisations showed that PPAL protein expression was strictly 
limited to the stigma and the epidermis of the placenta, where also the RNA was 
shown to accumulate. Plants with RNAi-induced PPAL silencing did not show any 
abnormalities in morphology or pollen tube growth. Wall extension assays showed 
clear expansin-like activity in the exudate, but not so for the purifi ed PPAL protein. 
As the exudate of stigmas with silenced PPAL still showed expansin-like activity, we 
conclude that a different protein or other factors must cause the exudate’s expansin 
activity. 
In conclusion, the precise expression pattern of the PPAL together with its 
preserved sequence homology to β-expansins argues for a function in pollen tube 
growth, although this function probably differs from that of other β-expansins and 
is proposed to facilitate and fi nely tune interactions between pollen and pistil.
Introduction
Pollen tube growth into the stigma and style of fl owering plants is the fi rst step 
to successful fertilization and seed set. The plant is assumed to tightly control the 
entire process in order to promote compatible pollen tube growth and at the same 
time to exclude the penetration of incongruous pollen tubes and pathogens. The 
stigma of solanaceous species secretes an exudate that forms the fi rst contact between 
pistil and pollen. It is mainly composed of lipids with some polysaccharides and 
proteins. The lipid compound has been shown to largely determine correct hydration 
and directional pollen tube growth into the stigma of Nicotiana tabacum (1). The 
functions of the exudate proteins are still unknown (2) and besides a possible role in 
pollen pistil interaction, they could serve in pathogen defence (3).
In a previous report (4) we described the expression pattern of the Pistil Pollen 
Allergen-Like protein (PPAL), one of the proteins of the tobacco stigma and ovary 
that is also secreted into the exudate. Furthermore, we have shown that PPAL 
mRNA levels increase upon pollination, suggesting a role for PPAL in pollen stigma 
interaction. Based on sequence homology, PPAL should be annotated as a member of 
the subfamily of β-expansins that are known to facilitate cell wall extension in vitro. 
So far, the Zm-EXPB1 protein from maize pollen is the only purifi ed β-expansin 
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that has been shown to facilitate cell wall extension in vitro (5). Its proposed function 
is to loosen the pistil’s cell walls to facilitate pollen tube growth. As PPAL might 
have an equivalent function in tobacco, we studied its distribution in the pistil by 
immuno-localization. We silenced PPAL in transgenic plants to study the effect on 
pollen-pistil interaction and tested its expansin activity by measuring in vitro cell 
wall extension in an extensometer as described by Cosgrove (6).  
Materials and methods
Plant material. 
Nicotiana tabacum plants cv. Petit Havana SR1 were grown under greenhouse 
conditions. To collect the secreted exudate, fl owers were emasculated and after two 
days stigmas were collected. 
Northern blot analysis
RNA isolation was carried out as described previously (7). Total RNA was separated 
in a 1.2% agarosegel containing 2.2 M formaldehyde. Gels were blotted onto 
Hybond-N membranes (Amersham International) using 20 x SSC as transfer buffer. 
Membranes were dried and incubated for 2 h at 80°C. Hybridisation was performed 
with DNA probes obtained from full length PPAL cDNA as template in 6 x SSC, 5 
x Denhardt’s solution, 0.5% SDS, and 100 µg/ml denaturated carrier DNA at 65 °C 
overnight. Filters were washed in 4 x SSC for 1 min at room temperature, followed 
by three additional washes, once in 2 x SSC, 0.1% SDS for 15 min and twice in 0.1 
x SSC, 0.1% SDS for 15 min at 65 °C. Films (CEA RP New) were exposed with 
intensifying screens at -80oC for 24 to 72 h and developed.  
Western blot analysis
Proteins from the exudate were isolated by rinsing the stigmas of Nicotiana 
tabacum fl owers in a PBS solution (8). Protein concentrations were determined in 
a Bradford-protein assay (Biorad). Amounts of 40 µg of total protein from each 
sample were separated by SDS-PAGE using a 12.5 % gel (9).  Gels were stained 
with Coomassie Brilliant Blue R 250 or left unstained for electrophoretic transfer 
to nitro-cellulose membranes (Schlecher and Shuell). After transfer at 200 mA for 
2 h, blots were stained with Ponceau S, to ensure that the transfer was complete, 
and washed in water to remove the staining. Blocking occurred by incubation of the 
blots in 5% skimmed milk powder in phosphate buffered saline (PBS) pH 7.5 with 
0.05% Tween 20 (PBT) for 1 h. Blots were incubated with polyclonal antibodies 
raised against recombinant PPAL protein (4) in a 1:1250 dilution in skimmed milk 
powder for 1.5 h. Blots were washed 3 times, 10 minutes each in PBT to remove 
excess antibodies. Second antibodies, horseradish peroxidase conjugated goat-anti-
rabbit IgG (Sigma), was added in a 1:100000 dilution, incubation occurred for 1 h. 
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Following, blots were washed in PBT, 3x for 10 minutes. Detection was carried out 
by incubation of the blots in Supersignal West Pico substrate (Pierce) during 30 
minutes. Film was exposed to blots for 5 min and developed.
Immunolocalisation
Pistils, both pollinated and unpollinated, and ovaries collected at developmental 
stage 12 (10) were dissected from tobacco fl owers, fi xed with 4% formaldehyde, 
0.25% glutaraldehyde in 10 mM phosphate buffer pH 6.8 for 3 hr at room 
temperature. The fi xed tissue was dehydrated in a water-ethanol series, 30% - 100% 
and brought to xylene via three (3:1, 1:1, 1:3) ethanol-xylene steps (1 h each). The 
tissue was infi ltrated with paraffi n by slowly replacing the xylene with liquid paraffi n, 
meanwhile increasing the temperature to 60ºC. The total infi ltration time was 4 
days. Sections, 7-10 µm thick, from pistils and ovaries were attached to vectabond-
coated glass-slides and paraffi n was removed by incubation in 100 % xylene (20 
min.), 1:1 xylene/ethanol (15 min) and fi nally 100% ethanol (10 min). The sections 
were gradually rehydrated in an ethanol-water series and washed in PBT for 5 min. 
Non-specifi c binding sites were blocked for 45 min in PBT containing 3% BSA and 
next the slides were incubated overnight with the 1:200 diluted PPAL antibody in 
blocking buffer.  After 3 washes in PBT, the sections were incubated with a 1:500 
diluted alkaline phosphatase conjugated goat-anti-rabbit IgG antibody (Pierce) in 
blocking buffer for 2 h in a humid chamber. Sections were fi rst washed in PBT, 3 
times and then once for 10 min in alkaline phosphatase buffer (pH 9.5). The alkaline 
phosphatase reaction was revealed by adding 300 µl of both BCIP (15 mg/ml DMF) 
and NBT (30 mg/ml 50% DMF) in 10 ml of alkaline phosphatase buffer (pH 9.5). 
The staining reaction was stopped in distilled water and sections were examined in a 
Leitz Dialux 20 EB microscope (Leica) under bright-fi eld conditions.
Gene silencing constructs and plant transformation
The PPAL (accession number AF333386) full-length cDNA in sense orientation 
was cloned under the control of the 35S caulifl ower mosaic virus promoter (11). 
This construct was transferred to Agrobacterium tumefaciens LBA4404 using the 
triparental mating approach. The recombinant Agrobacterium strains were used to 
transform tobacco SR1 by using standard leaf disc transformation and regeneration 
method (12). Transgenic plants were selected in vitro on the basis of kanamycin 
resistance and allowed to grow in the greenhouse. Independent regenerants 
carrying the construct were selected on the basis of a PCR on genomic DNA using 
kanamycin primers. At fl owering time, plants were screened by western blotting to 
test for PPAL protein expression in the exudate. Plants that lacked PPAL protein 
were rescreened by Western and Northern blotting. Selected plants were selfed and 
the F1 plants were screened again using Western and Northern blots. Exudate from 
plants lacking PPAL protein was collected and used in cell wall loosening assays. 
Exudate from wild type plants was collected as control.
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Fluorescence microscopy
Stigmas were collected 24 h after pollination, whereas the ovaries were collected 60 
h after pollination. Vibratome sections of ~150 µm were placed in a drop of Aniline 
blue stain in 0.1 % in 0.1M K3PO4 and examined with a Zeiss Axiovert 135 TV 
microscope equipped with appropriate illumination and fi lters. Photographs were 
made using a Coolsnap digital camera (Roper Scientifi c).
Cell wall loosening assays
All assays were carried out with a custom-built extensometer as described by Cosgrove 
(6). Hypocotyls of cucumber (Cucumis sativus) and coleoptiles of wheat (Triticum 
aestivum) from 4-day-old etiolated seedlings germinated in moist vermiculite were 
prepared for the cell wall loosening assays (5,6).  Apical segments of 20 mm were cut, 
frozen at –20oC, thawed, abraded with carburundum slurry and boiled for 15 s. For 
the preparation of cellulose-hemicellulose composite material, Acetobacter xylinus was 
incubated at 30oC in Hestrin Schramm medium in the presence of 0.5% tamarind 
xyloglucan (Megazyme). The pellicles produced by Acetobacter were prepared and 
used as cell wall specimens assayed in the extensometer as described (13).
Hypocotyls, coleoptiles and 20 mm strips from the bacterial pellicles were 
individually incubated in a cuvet with 800 µl extension buffer (50 mM NaAc 
pH 4.5). The pulling force was 30 g, the extension was measured every 20 s. The 
specimens were kept in extension buffer for approximately one hour until a stable 
base of extension was established. Measurements started 15 min after the extension 
was linear and the extension buffer supplied with the test sample replaced the pre-
incubation buffer.
PPAL protein extraction and purifi cation. 
For protein purifi cation, stigmas were collected and rinsed in 50 mM NaAc pH 
4.5 and then removed. This exudate extract was clarifi ed by centrifugation (10000g 
for 15 min) and fi ltration and concentrated in a 10 kDa Centricon Concentrator 
(Millipore-Amicon). The concentrate was loaded on a MonoQ anion exchange 
column (Amersham Pharmacia Biotech) pre-equilibrated with 20 mM PIPES, pH 
5.7 and eluted with a linear gradient from 0 to 1 M NaCl in 20 mM PIPES, pH 5.7. 
Fractions that cross-reacted with anti-PPAL antibody on western blot were pooled 
and loaded on a Superdex-200 gelfi ltration column (Amersham Pharmacia Biotech) 
and the protein was eluted with 50 mM NaAc, pH 4.5. Protein concentrations were 
determined by Bradford protein assay (Biorad).
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Results 
Protein localization and the function of PPAL in the tobacco pistil
Immuno-localization of the PPAL protein on sections of embedded mature ovaries 
and stigma-styles (Figure 1) shows that PPAL protein expression is confi ned to the 
secretory zone of the stigma and to the epidermal layer of the placenta in the ovary. 
These data are consistent with the previously published in situ localization of PPAL 
mRNA (4). As shown earlier, the PPAL protein from the stigma is secreted into the 
stigmatic exudate (4). These sites of PPAL expression fi t with the path where pollen 
tubes grow without physical constraints and they suggest a role in preparing the pistil 
for pollen tube growth, or in directly modulating pollen tube growth and guidance. 
To determine the in vivo function of PPAL, we used A. tumefaciens mediated 
transformation for RNAi-induced PPAL gene silencing. Primary transformants 
were analysed using western blots to determine the PPAL expression levels. In 20 
out of 140 independently transformed transgenic plants, the PPAL expression was 
undetectable. Plants were then self-pollinated and the offspring with homozygous 
Figure 1. Localization of the PPAL protein by immuno-detection. Sections of a mature tobacco stigma, 
incubated with anti-PPAL antibody (A) or pre-immune serum (B) with secretory zone (SZ), cortex (CO) 
and transmitting tissue (TT). Sections of mature tobacco ovary, 24 hours after pollination incubated 
with anti-PPAL antibody (C) or pre-immune serum (D) showing ovules (OV) and the placenta (PL). 
Arrowheads indicate placental epidermis. See appendix for full colour picture.
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T-DNA insertions was analysed using northern and western blots to determine again 
the PPAL expression levels. Presently, we show the results from plant 71.5 only, but 
similar data were obtained with other transgenic lines. Figure 2 shows that neither 
PPAL mRNA nor its protein was detectable in stigma and ovary of plant 71.5. 
Using both light microscopy and cryo-FESEM (data not shown), no morphological 
differences could be established between the plants with silenced PPAL and the 
wild type plants. To study possible effects on pollen tube growth in vivo, mature 
stigmas of both silenced and wild type plants were pollinated and after 24 hours 
the pollen tubes, which then had reached the style, were studied by anilin blue 
staining (Figure 3AB). No difference in pollen tube growth rate, growth direction 
or number and distribution of callose plugs became apparent. Since the PPAL 
protein is also expressed in the epidermal layer of the ovary, we additionally analysed 
pollen tube growth in the transgenic ovaries, 60 h after pollination. Like in the 
stigma, no aberrance in pollen tube growth rate or growth direction was observed 
(Figure 3CD). Seed set of PPAL-silenced plants was also normal (data not shown). 
Apparently, the absence of PPAL does not produce a clear, manifest phenotype in 
the plant nor causes major changes in pollen tube growth. 
Purifi cation and in vitro cell wall extension assay.
As shown by alignment with other members of the β-expansin family, PPAL 
possesses all the typical, conserved β-expansin regions (Figure 4). It shares 43% 
sequence identity with Zm-EXPB1, the only purifi ed β-expansin so far, which was 
shown to have in vitro cell wall loosening activity (5). The amino acid sequence 
of PPAL possesses the putative carbohydrate-binding domain proposed for β-
Figure 2. Silencing of PPAL expression. (A) RNA gel-blot analysis of PPAL transcript levels in wild 
type stigmas (wt st), transgenic stigmas (tg st), wild type ovaries (wt ov) and transgenic ovaries (tg 
ov). Stigmas were collected from mature fl owers and ovaries were collected 48 h after pollination. 10 
µg of total RNA was loaded in each lane and RNA integrity was checked by ethidium bromide stain. 
Tobacco PPAL cDNA was used as probe. (B) Detection of PPAL protein in the stigmatic exudate by 
western blot analysis. 50 µg of total exudate protein collected from wild type plants (wt exd) and from 
transgenic plants (tg exd) were loaded.
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expansins (14), which consists of a number of aromatic residues in the C-terminus 
of the protein. In addition, we have shown previously that PPAL cross-reacts with a 
monoclonal antibody specifi c for group I grass pollen allergens (4), which are in fact 
β-expansins (5). Taken together, these data indicate that PPAL has all the typical 
characteristics of the β-expansin proteins.
To test for the presence of cell wall loosening activity, we assayed exudate extract 
from wild type plants in the extensometer. Figure 5 shows that this exudate extract 
has activity as was expected. However, more surprisingly, the exudate extract from 
transgenic plants lacking the PPAL protein also possesses cell wall loosening activity 
(Fig 5). To further investigate the expansin activity of PPAL in vitro, the protein 
was purifi ed and assayed in the extensometer. Figure 6 shows that ion exchange 
and gelfi ltration HPLC yielded purifi ed PPAL. The 2D-protein gel in fi gure 6D 
shows the purity of PPAL, its molecular weight (~33 kDa) and its pI (4.7). The 
identity of the purifi ed protein was confi rmed by western blotting using a anti-
PPAL antibody raised against a recombinant PPAL protein and by N-terminal 
Figure 3. Fluorescence micrographs of longitudinal sections of tobacco stigmas and ovaries. Pollen 
were stained using anilin blue. (A) Stigma with secretory zone (SZ) of wild type tobacco, 24 h after 
pollination showing pollen tubes invading stigma and style tissue. No difference in pollen tube growth 
was detected between wild type and PPAL silenced plants (B). 60 h after pollination, pollen tubes grew 
along the epidermal layer of the placenta (PL) with ovules (OV) in wild type (C) and transgenic plants 
lacking PPAL (D). Arrowheads indicate bundles of growing pollen tubes.
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sequencing. We assayed the PPAL protein on all cell wall test systems available, 
namely: dicot cucumber hypocotyls (Figure 5), cellulose-hemicellulose composite 
material produced by Acetobacter xylinus (13) (data not shown) and wheat coleoptiles 
(data not shown). However, we could not detect any activity on any system, not even 
with protein concentrations up to 50 µg/ml. Therefore, we conclude that the exudate 
has expansin activity but that the β-expansin homologue PPAL from tobacco is 
not the active expansin in the exudate in vitro or in vivo. The expansin-like activity 
of the exudate must reside in a different protein or even in a completely different 
molecule.
Figure 4. Amino acid sequence of the mature PPAL protein and its ClustalW alignment with other β-
expansin homologues using the Blosum30 matrix. N-terminal sequence analysis of the secreted PPAL 
protein revealed that PPAL has a signal peptide of 38 amino acid residues long. Residues marked with 
an asterisk (*) are completely conserved, a colon (:) indicates conservation of strong groups and a 
dot (.) implies conservation of weak groups. Cim1 (U03860) is a cytokinin induced messenger from 
Glycine max, At-EXPB3 (NP_564860) is a putative β-expansin from Arabidopsis thaliana, AY105319 
is an mRNA sequence from Zea mays and Zm-EXPB1 (AF332174 or ZeaMI) is a β-expansin protein 
isolated from pollen of Zea mays.
Figure 5. Expansin activity of exudate and PPAL. Crude exudate extract of wild type plants (wt exd) 
and from transgenic tobacco plants lacking PPAL (tg exd) and 10 µg/ml purifi ed PPAL were applied 
to isolated cell walls from cucumber hypocotyls at the time indicated (arrow head). The graph shows 
representative results out of four independent measurements.
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Discussion
The expression pattern of the β-expansin homologue PPAL, its specifi city for stigma 
and ovary and upregulation during fl ower development and after pollination (4) 
suggests a relation with pollen tube growth and fertilization. The fi nding of PPAL 
protein in the epidermal layer of the placenta and in the stigma together with its 
presence in the exudate argues for a role in preparing the pistil for pollen tube growth, 
or for a direct effect on pollen tube growth and guidance. As pollen tubes grow 
unrestrained at these sites, a more direct role in pollen tube adherence and guidance 
seems likely. In the transmitting tissue of the style where PPAL is absent, physical 
restraints may determine the pollen tube’s growth path (2). However, no effects on 
fertilization, pollen tube germination and growth, or on pollen tube adherence and 
guidance became apparent in plants with a silenced PPAL expression. It could not 
be excluded that absence of such effects is due to functional redundancies or to the 
lack of expansin activity in vivo. As such experiments may only detect major effects, 
a possible fi ne-tuning of pollen tube growth by the PPAL protein can also not be 
excluded. Alternatively, PPAL may serve to increase the wall permeability and thus 
for the uptake of large molecules (15,16) or it may be involved in plant defence 
against pathogens. 
To test PPAL for in vitro cell wall loosening activity, we purifi ed the protein and 
tested it in a standard extensometer assay (14). Though the exudate showed clear 
cell wall loosening activity in vitro, the purifi ed PPAL protein did not do so. No 
expansin activity of the purifi ed PPAL protein could be recorded with all three test 
systems presently available, namely cucumber hypocotyls (6), Acetobacter pellicles 
(13) and monocot coleoptiles, supposedly targeted by β-expansins (5). The loss or 
absence of activity of the purifi ed protein may be explained in various ways. It may 
have lost activity during purifi cation and yet be active in vivo, it may target a type of 
tissue different from those tested presently or it may be a non functional evolutionary 
remnant from one of the ancestral lines of the allopolyploïd N. tabacum. In our view, 
Figure 6. Purifi cation of PPAL protein. SDS-PA gel showing the proteins of crude exudate extract (A), 
chromatograph of cation exchange HPLC (B). Fractions in the grey area were pooled for gelfi ltration 
HPLC (C) and analysed using 2D-SDS-PAGE (D). These fractions contained only the PPAL protein as 
confi rmed by western blot and N-terminal sequence analysis (data not shown).
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PPAL represents a β-expansin derived protein with a yet unknown function. 
The alignment in Figure 4 shows that there are no evident alterations in the protein 
sequence as compared to other β-expansins. However, the pI of PPAL is low (4.7) 
in comparison to the high pI (>8) of α- and β-expansins with shown activity in 
vitro (5,17) and this difference might relate to the absence of expansion activity in 
vitro. Taken together, the cell wall loosening activity of the exudate must reside in a 
different protein or even in a different molecule.
Although the exact function of PPAL has eluded our tests so far, the precise 
expression pattern of the PPAL protein, in stigma, exudate and the placental 
epidermis, together with its strong sequence homology to β-expansins strongly 
argue against the occurrence of random changes in sequence and an arbitrary 
expression pattern. Therefore, we assume that the PPAL protein has a well-defi ned 
function probably on the walls and in relation to pollen tube growth.  
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Abstract
In tobacco, it was shown that the pistil-specifi c β-expansin homologue PPAL has 
neither a detectable expansin activity in vitro nor an apparent function in vivo. In 
this study, we analyse PPAL in Petunia hybrida, which is fairly closely related to 
tobacco as both species belong to the Solanaceae. This relation notwithstanding, 
we show here that the accumulation petunia PPAL (Ph-PPAL) mRNA differs 
from that of tobacco PPAL. The Ph-PPAL transcript is specifi cally located in 
the transmitting tissue of the petunia style. However, the protein was found in the 
secretory zone of the stigma and in the exudate, indicating that after secretion  by 
stylar cells, the protein is transported to the stigma. Wall extension assays in vitro 
show that although the exudate of petunia has expansin activity, this is not caused by 
the Ph-PPAL protein.
Introduction
The stigma of the petunia pistil is covered with a fl uid layer or exudate, composed 
of lipids, polysaccharides and proteins (1). The lipids were shown to be essential for 
pollen tube growth in tobacco (2). However, the function of the protein fraction 
in the exudate remains unclear. We recently have reported on the pistil specifi c 
protein from tobacco, PPAL (3,4). The expression of PPAL is enhanced during 
pistil development and upon pollination, suggesting it functions in pollen-pistil 
interaction. Based on amino acid sequence homology, PPAL was classifi ed as a 
member of the β-subfamily of expansins. These extracellular proteins were shown to 
enhance cell wall extension in an in vitro extensometer assay (5) and were proposed 
to regulate plant cell enlargement (6). Although the exact working mechanism is 
unknown, it has been proposed that expansins break the cross-linking hydrogen 
bonds between cellulose and hemicellulose without hydrolytic activity (7). As the 
cellulose/hemicellulose network is the stress-bearing component of the cell wall, 
the weakening of this network is also called cell wall loosening, which would allow 
turgor-driven cell expansion. 
It has been proposed that β-expansins may facilitate pollen tube growth by loosening 
the walls of the stigmatic and stylar tissue (8). We tested this hypothesis by the 
analysis of in vivo pollen tube growth in tobacco plants devoid of PPAL expression 
but we were not able to detect any abnormalities in either pollen tube growth or pistil 
morphology (3). Although the tobacco exudate did show cell wall loosening activity 
in an extensometer assay, it was not PPAL that caused this activity. After purifi cation 
of the active exudate protein we found that a Lipid Transfer Protein (LTP) was 
responsible for the cell wall loosening activity (9). 
To further investigate the role of PPAL in pollen-pistil interaction, we decided to 
use the fl ower of Petunia hybrida as a model system. Petunia is a real diploid species 
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with a simpler genomic structure than that of the allopolyploid tobacco and the use 
of petunia also allows for genetic screens for transposon-tagged mutants (10). Since 
tobacco and petunia both belong to the Solanaceae, it justifi es a stringent comparison 
of biological processes between these two model plants. Although petunia exudate 
differs in protein content to that of tobacco (11), replacement of tobacco exudate 
by that of petunia does not impair pollen tube growth in the tobacco pistil (2). In 
addition, the transmitting tissue of the tobacco style contains an extension-like 
protein, PELPIII, which is absent in petunia (12,13). Nevertheless, the growth of 
petunia pollen tubes in the style of tobacco is effi cient and it elicits similar responses 
to those elicited by tobacco pollen tubes (14). 
In this report, we show that the mRNA of the petunia PPAL homologue (Ph-
PPAL) accumulates only in the style, whereas in tobacco, the PPAL transcript was 
found in the secretory zone of the stigma and in the placental epidermis of the ovary. 
However, the Ph-PPAL protein was found in the exudate, which suggests that after 
synthesis and secretion by stylar cells, Ph-PPAL is transported to the extracellular 
matrix and exudate of the stigma. Furthermore, we show that although the petunia 
exudate is capable of cell wall loosening in vitro, this activity is not caused by Ph-
PPAL.
Material and methods
Plant material
Petunia hybrida W115 plants were grown under standard greenhouse conditions.
For the experiment on gene expression after pollination, fl owers at developmental 
stage 5 were emasculated and were pollinated 24 hours later. 
cDNA library construction and screening
Total RNA from stigmas/styles at stages 1 to 6 was extracted as described below. Poly 
(A)+ RNA was selected by biotinylated oligo (dT) probes and streptavidin coated 
paramagnetic particles (PolyATract-Promega). cDNA library construction was 
performed using the ZAP-cDNA synthesis kit (Stratagene) with 5 µg of poly (A)+ 
RNA. First-strand cDNA synthesis was carried out by XhoI-oligo (dT) priming, 
followed directly by second-strand synthesis. An EcoRI adaptor was ligated to the 
cDNA and the resulting products were phosphorylated by T4 polynucleotide kinase 
(Stratagene). After XhoI digestion, the cDNA was further purifi ed on a Sephacryl 
S-400 spin column (Stratagene). The purifi ed cDNAs had different cohesive ends 
(EcoRI at 5’ end and XhoI at 3’ end) and were unidirectionally ligated to EcoRI/XhoI 
arms of phage λ-ZAPII. The resulting phage DNA was packaged in vitro into phage 
particles using GigapackII Gold packaging extract (Stratagene). The cDNA library 
was amplifi ed once. For the screening, approx. 30000 plaque-forming units (pfu) 
were plated onto 15-cm-diameter plates using Escherichia coli Sure cells for infections 
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(Stratagene). Nitrocellulose fi lters (Schleicher and Schuell) were lifted from each of 
the plates and hybridisation was carried out with a radioactive labelled probe from 
tobacco PPAL cDNA. Positive plaques were picked and approximately 100 pfu were 
plated on 9-cm-diameter plates and rehybridised for plaque purifi cation. Isolated 
positive plaques were picked and excised in vivo. Sequence analysis was performed 
using a Beckman CEQ2000 automatic sequencer. 
RNA extraction and northern blot analysis
Stems, leaves, petals, sepals, anthers, ovary, stigmas/styles were collected at different 
developmental stages and stored at –70°C prior to RNA isolation. For developmental 
expression studies, stigmas/styles were excised from fl owers at stage 1 to 6 of petunia 
fl ower development. Total RNA from all plant organs was extracted essentially 
as described (15). Total RNA was separated in a 1.2% agarosegel containing 2.2 
M formaldehyde. Gels were blotted onto Hybond-N membranes (Amersham 
International) using 20 x SSC as transfer buffer. Membranes were dried and 
incubated for 2 h at 80°C. Hybridisation was performed with DNA probes obtained 
from full length Ph-PPAL cDNA as template in 6 x SSC, 5 x Denhardt’s solution, 
0.5% SDS, and 100 µg/ml denaturated carrier DNA at 65 °C overnight. Filters were 
washed in 4 x SSC for 1 min at room temperature, followed by three additional 
washes, once in 2 x SSC, 0.1% SDS for 15 min and twice in 0.1 x SSC, 0.1% SDS 
for 15 min at 65 °C. Films (CEA RP New) were exposed with intensifying screens 
at -80oC for 24 to 72 h and developed. Each fi lter was stripped and rehybridised with 
a 28S rDNA probe for control of equal loading. 
In situ Hybridisation studies
Unpollinated pistils at developmental stage 5 were dissected from Petunia fl owers, 
fi xed with 3.7% formaldehyde, 0.1% glutaraldehyde in 100 mM phosphate buffer 
(pH 7) for 3h at room temperature. The fi xed tissues were dehydrated in a water-
ethanol series, 30% - 100% and brought to xylene via three (3:1, 1:1, 1:3) ethanol-
xylene steps (1 h each). The tissue was infi ltrated with paraffi n by slowly replacing 
the xylene with liquid paraffi n, meanwhile increasing the temperature to 60ºC. 
The total infi ltration time was 4 days. Sections, 7-10 µm thick, from pistils and 
ovaries were attached to vectabond-coated glass-slides and paraffi n was removed 
by incubation in 100 % xylene (20 min.), 1:1 xylene/ethanol (15 min) and fi nally 
100% ethanol (10 min). The sections were gradually rehydrated in an ethanol-water 
series. Hybridisation was performed as described (16). The antisense and sense RNA 
probes were synthesised using dioxigenin-UTP by in vitro transcription with T7 and 
T3 polymerases of the dioxigenin RNA labelling kit using the Ph-PPAL cDNA as 
template (Boehringer Mannheim).
Expression of recombinant Ph-PPAL protein 
A cDNA of Ph-PPAL was isolated from pBlueScript SK+ by digestion with BamHI 
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and KpnI and cloned into pQE 30 (Qiagen) in frame with the HIS-tag. DNA was 
transformed into DH5α E. coli cells and positive clones were picked and used 
immediately for expression studies. Protein expression and isolation were carried out 
essentially using the QIAexpressionist-system as recommended by the manufacturer 
(Qiagen). 
Petunia exudate collection and protein analyses
Proteins from the exudate were isolated by rinsing the stigmas of Petunia hybrida 
W115 fl owers in a PBS solution or 50 mM NaAc pH 4.5 buffer (10 stigmas per 
0.1 ml buffer). Protein concentrations were determined in a Bradford-protein assay 
(Biorad). Proteins in the exudate (10 µg) extracts were analysed by standard 12.5% 
SDS-PAGE and stained with Coomassie brilliant blue (CBB) R250 (Amersham 
Pharmacia Biotech). For western blot analyses, proteins (10 µg) were electroblotted 
at 200 mA for 2 h to nitro-cellulose membranes (Schleicher and Schuell). Then, 
the membranes were stained with Ponceau S to check transfer and equal loading. 
They were washed in water to remove the staining and blocked by incubation in 
5% skimmed milk powder in phosphate buffered saline (PBS) pH 7.5 with 0.05% 
Tween 20 (PBT) for 1 h. Blots were incubated with polyclonal antibodies raised 
against recombinant PPAL protein (4) in a 1:1250 dilution in skimmed milk powder 
for 1.5 h. Blots were washed 3 times, 10 minutes each in PBT to remove excess 
antibodies. Second antibodies, horseradish peroxidase conjugated goat-anti-rabbit 
IgG (Sigma), were added in a 1:100000 dilution and incubated for 1 h. Blots were 
washed in PBT, 3x for 10 minutes. Detection was carried out by incubation of the 
blots in Supersignal West Pico substrate (Pierce) during 30 minutes. Film was 
exposed to blots for 5 min and developed.
Immunolocalisation
Unpollinated pistils collected at developmental stage 5 were dissected from petunia 
fl owers, fi xed with 4% formaldehyde, 0.25% glutaraldehyde in 10 mM phosphate 
buffer pH 6.8 for 3 h at room temperature. The fi xed tissue was embedded in 
paraffi n as described for in situ hybridisations.  Slides were washed in PBT for 5 min 
and non-specifi c binding sites were blocked for 45 min in PBT containing 3% BSA. 
The slides were then incubated overnight with the 1:200 diluted PPAL antibody in 
blocking buffer.  After 3 washes in PBT, the sections were incubated with a 1:500 
diluted alkaline phosphatase conjugated goat-anti-rabbit IgG antibody (Pierce) in 
blocking buffer for 2 h in a humid chamber. Sections were fi rst washed 3 times in 
PBT and then once for 10 min in alkaline phosphatase buffer (pH 9.5). The alkaline 
phosphatase reaction was revealed by adding 300 µl of both BCIP (15 mg/ml DMF) 
and NBT (30 mg/ml 50% DMF) in 10 ml of alkaline phosphatase buffer (pH 9.5). 
The staining reaction was stopped in distilled water and sections were examined in a 
Leitz Dialux 20 EB microscope (Leica) under bright-fi eld conditions.
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Protein fractionation by gelfi ltration HPLC
For protein fractionation, the petunia exudate extract was clarifi ed by centrifugation 
(10000g for 15 min) and fi ltration and then concentrated with a 10 kDa Centricon 
Concentrator (Millipore-Amicon). The concentrate was loaded on a Superdex-200 
gelfi ltration column (Amersham Pharmacia Biotech) and protein was eluted with 
50 mM NaAc pH 4.5. 100 µl fractions were analysed using SDS protein gel and 
western blot.
Cell wall loosening assays
All assays were carried out with a custom-built extensometer as described (17). 
Hypocotyls of 4-day-old etiolated cucumber (Cucumis sativus) seedlings germinated 
in moist vermiculite were prepared for the cell wall loosening assays (8,17).  Apical 
segments of 20 mm were cut, frozen at –20oC, thawed, abraded with carburundum 
slurry and boiled for 15 s. The hypocotyls were individually incubated in a cuvet 
with 800 µl extension buffer (50 mM NaAc pH 4.5). The extension was measured 
every 20 s with a pulling force of 30 g. The specimens were kept in extension buffer 
for approximately 1 h until a stable base of extension was established. Measurements 
started 15 min after the extension was linear and the extension buffer supplied with 
the test sample replaced the pre-incubation buffer.
Results and discussion
In order to isolate the cDNA of the petunia homologue of tobacco PPAL, we 
constructed a cDNA library from RNA extracted from petunia pistils, collected 
from fl owers which were classifi ed in 6 arbitrarily defi ned stages (Figure 1). Using 
the tobacco PPAL cDNA as a probe, we were able to isolate a cross-hybridising 
clone. DNA sequence analysis of this clone confi rmed that it was similar to that of 
Figure 1. Developmental stages of Petunia hybrida var. W115 fl owers. Stage 1: 33 mm, 2: 40 mm, 3: 
50 mm, 4: 60 mm, 5: 68 mm open corolla, 6: anthesis.
Characterisation of Ph-PPAL in Petunia hybrida
49
tobacco PPAL. Homology search in GenBank using the BLAST algorithm with the 
translated coding region of the petunia PPAL (Ph-PPAL) cDNA as query revealed 
various homologous β-expansin sequences (Figure 2). The low similarity of the 30 
N-terminal amino acid residues with other β-expansins indicates that this part forms 
the signal peptide for secretion, as we have shown previously for PPAL (3). If this 
putative signal peptide is subtracted from the sequence, the mature protein has a 
predicted molecular weight of 24.8 kDa and a pI of 5.5, which is close to the pI 
found for tobacco PPAL.
To characterise the expression pattern of the Ph-PPAL gene, we analysed its mRNA 
accumulation in various organs by northern blot. Our results show that Ph-PPAL 
expression is confi ned to the stigma/style (Pi, Figure 3) region of the pistil. In 
contrast to what was shown for PPAL (4), no Ph-PPAL transcript was detected 
in the ovary. As the mRNA expression of petunia-PPAL appeared to be different 
to that of tobacco PPAL, we set to assess the cellular location of the Ph-PPAL 
transcript by in situ hybridisation. Figure 4 shows that Ph-PPAL mRNA is confi ned 
to the transmitting tissue of the style, whereas tobacco PPAL mRNA was previously 
found in the secretory zone of the stigma and in the epidermal layer of the ovary 
(4). 
Figure 2. Amino acid sequence of the mature Ph-PPAL protein and its ClustalW alignment with other 
β-expansin homologues using the Blosum30 matrix. The secretion peptide of the PPAL protein is 
shown in black background. Residues marked with an asterisk (*) are completely conserved, a colon 
(:) indicates conservation of strong groups and a dot (.) implies conservation of weak groups. Cim1 
(U03860) is a cytokinin induced messenger from Glycine max, NP_564860  is a putative β-expansin 
from Arabidopsis thaliana and ZeaMI (AF332174) is a β-expansin protein isolated from pollen of Zea 
mays.
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Since the signal peptide indicates that Ph-PPAL is an extracellular protein, we 
determined where and when the protein is produced and secreted. We previously 
had raised a polyclonal antibody against the recombinant tobacco PPAL (4) and 
we used this antibody to confi rm its cross-reaction with recombinant Ph-PPAL by 
western blot. Figure 5A shows that recombinant Ph-PPAL, including a His-tag, has 
a molecular weight of ~32 kDa. Furthermore, we showed that a native protein from 
Figure 3. (A) RNA gel-blot analysis of Ph-PPAL transcript levels in the stigma/style part of the petunia 
pistil (pi), ovaries (ov), anthers (an), petals (pe), sepals (se), stem (st) and leaves (le). Floral tissues were 
pooled from developmental stages 1-6. Ph-PPAL cDNA was used as probe. 10 µg of total RNA was 
loaded in each lane, loading was checked using a probe for 25S ribosomal RNA (B). 
Figure 4. In situ localization of Ph-PPAL mRNA in the petunia stigma and style. (A) In situ 
hybridisation with an antisense Ph-PPAL dioxigenin-labelled RNA probe on petunia stigma and style 
at developmental stage 5. Purple coloration represents regions containing RNA-RNA hybrids. Ph-
PPAL mRNA is expressed preferentially in the transmitting tissue (TT) of the style. Not mRNA was 
detected in the secretory zone (SZ) of the stigma. (B) In situ hybridisation with a sense LTP dioxigenin-
labelled RNA probe on stigma and style at stage 5 (background control). Colour picture in appendix.
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the petunia exudate cross-reacts with the anti-PPAL antibody, demonstrating that 
Ph-PPAL is secreted into the exudate (Figure 5A). The results also show that native 
Ph-PPAL has a larger molecular weight (~28 kDa) than that predicted from the 
amino acid sequence (24.8 kDa). The difference in molecular weight of the native 
Ph-PPAL may be caused by post-translational modifi cations, such as glycosylations 
for which the amino acid sequence of Ph-PPAL bears several putative sites (data not 
shown). Although the predicted molecular weight of tobacco PPAL (25.0 kDa) is 
very similar to the predicted weight of Ph-PPAL, the native tobacco protein is larger 
than that of petunia, which indicates that tobacco PPAL has more or larger post-
translational modifi cations. Another difference is that PPAL expression is increased 
upon pollination whereas it does not alter the expression of Ph-PPAL (data not 
shown). However, the expression of both increases during pistil development (Figure 
5B). 
To pinpoint the location of the Ph-PPAL protein and to study whether the protein 
and mRNA localisations match, we performed immuno-localisation on sections of 
the petunia stigma/style region. Figure 6 shows that Ph-PPAL protein expression 
could not only be detected in the stylar transmitting tissue but also in the secretory 
zone of the stigma. Because we were not able to detect Ph-PPAL mRNA in the 
stigma, the Ph-PPAL protein must originate from the transmitting tissue in the 
style. These results indicate that, after secretion in the transmitting tissue, the Ph-
PPAL protein is transported into the stigma. This would imply that components of 
the exudate and the extracellular matrix of the stigma can be produced not only by 
the stigma but also by the style. 
We have shown previously that although the exudate from tobacco stigmas has in 
vitro cell wall loosening activity, it was an LTP and not the β-expansin homologue 
PPAL that was responsible for this activity (9). To test the exudate from petunia 
stigmas for cell wall loosening activity, we assayed it in an extensometer. Figure 7 
shows that the petunia exudate has cell wall loosening activity. We fractionated the 
exudate by gelfi ltration HPLC to identify the protein responsible for the activity. The 
results in Figure 7A show the total proteins of the exudate eluted in fractions from 
Figure 5. (A) Western blot analysis of proteins (50 µg total protein) extracted from E. coli expressing 
recombinant Ph-PPAL (rec Ph-PPAL) and of the exudate proteins from the mature petunia stigma 
(Pet exd) using anti-PPAL antibody. (B) Accumulation of Ph-PPAL protein isolated from petunia pistils 
at developmental stages 1 to 6. Molecular weight from marker is shown in kDa. Equal loading and 
transfer was checked using Ponceau S staining of the blot.
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the gelfi ltration column and Figure 7B shows the presence of Ph-PPAL in these 
fractions. Although our initial goal was to purify the Ph-PPAL protein completely, 
we were not able to do so under non-denaturing conditions. Therefore, we tested 
these Ph-PPAL-enriched fractions for cell wall loosening activity. Our results in 
Figure 7C show that fraction 1, enriched in Ph-PPAL, did not exhibit activity in 
the extensometer assay, whereas fraction 4, which does not contain Ph-PPAL, has 
cell wall loosening activity. Taken together, these data suggest that Ph-PPAL is not 
the active protein in the exudate, but rather a protein with a low molecular weight, 
similar to that of LTP of tobacco. Therefore, we argue that Ph-LTP is the cell wall 
loosening protein in the exudate as it was shown for the tobacco exudate (3).
It is interesting that PPAL has been conserved in tobacco and petunia with such a 
high level of similarity. It is remarkable that although they clearly are members of 
the β-expansin family, neither of the two shows cell wall loosening activity in an in 
Figure 6. Distribution of the Ph-PPAL protein by immuno-localization. Sections of a stage 5 petunia 
stigma, incubated with anti-PPAL antibody (A) or pre-immune serum (B) with secretory zone (SZ) and 
transmitting tissue (TT). Dark purple coloration indicates cross-reaction of the antibody with Ph-PPAL 
protein. Colour picture in appendix.
Characterisation of Ph-PPAL in Petunia hybrida
53
vitro assay. However, as they are so conserved, it seems logic to think that PPAL has 
a function that escaped our analyses so far. Furthermore, it appears likely that the cell 
wall loosening function was taken over by a Lipid Transfer Protein in at least two 
genera of the Solanaceae.
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Figure 7. (A) Protein gel analysis of exudate (exd) and of exudate fractionated by gelfi ltration HPLC 
(1-8). Total proteins were stained by Coomassie Brilliant Blue. (B) Western blot analysis of the same 
protein samples to detect the Ph-PPAL protein. (C) Cell wall loosening by Petunia exudate (exd), 
exudate fraction containing Ph-PPAL (3) and exudate fraction without Ph-PPAL but with 9 kDa protein 
(4). Samples were applied at the time point indicated by the arrow. Petunia exudate has also activity on 
wheat coleoptiles and cellulose/xyloglucan composite material produced by Acetobacter xylinus (data 
not shown). Extension graph shows representative results out of three independent measurements. 
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Abstract
The shape of the plant cell is determined by the rigidity of the wall, a polymeric 
network of cellulose, hemicellulose, pectin and proteins. It surrounds the cells to 
counterbalance turgor pressure, limiting cell expansion. Yet, during plant growth the 
wall can extend locally and directionally and these cell wall dynamics are required for 
several processes of the plant life, such as development and growth. It was previously 
demonstrated that wall extension is enhanced by a class of proteins known as 
expansins. Here, we report a new type of cell wall loosening protein, which does not 
share any homology with expansins but is a member of the Lipid Transfer Proteins 
(LTP) family. The biochemistry and the structure of LTPs have been well described 
previously and although it has been demonstrated that LTPs transport lipids over a 
membrane in vitro, their function in plants remains enigmatic. LTPs were proven 
to bind a large range of lipid molecules to their hydrophobic cavity with different 
affi nities. In this paper, we demonstrate that this cavity is essential for the cell wall 
loosening activity of LTP. We propose that after secretion in the cell wall, LTP is 
held by binding to hydrophobic wall compounds, causing non-hydrolytic disruption 
of the cell wall and subsequently facilitating wall extension. Our fi ndings establish a 
new function for LTPs as well as a new type of cell wall loosening protein.
Introduction
Plant cells are enclosed by a strong cell wall that is able to counteract the internal 
osmotic pressure or turgor of the vacuole. However, to grow and to acquire a specifi c 
form the wall must yet be able to expand locally or entirely. Cells expand faster at 
low pH, a phenomenon known as “acid growth”(1,2). During acid growth, auxin 
mediated protonation of the wall activates proteins, the so-called expansins, that 
loosen the wall and thus facilitate wall expansion or wall creep (3). The current 
model proposed for cell wall loosening by expansins assumes their binding to the 
wall’s cellulose via a cellulose binding domain. The model furthermore suggests that 
after binding, expansins break the hydrogen bonds between cellulose and xyloglucan 
(hemicellulose) by a separate, pH activated catalytic domain. As a result, the cellulose 
microfi brils in the wall may slide along each other, allowing turgor to cause wall 
extension and cell elongation (4). It has been shown that the expansin ZeaMI, 
which is a member of the β-expansin subfamily isolated from maize pollen, was able 
to loosen the walls of the stylar maize cells in vitro (5). Its proposed function was 
to facilitate pollen tube growth by softening the maternal cell walls. In the tobacco 
pistil, a β-expansin called PPAL (pistil-pollen allergen like protein) is strongly 
expressed and it is abundantly present in the stigmatic exudate (6,7), a complex fl uid 
composed of lipids, polysaccharides and proteins and essential for directional pollen 
tube growth (8). As the β-expansin homologue PPAL is one of the exudate proteins, 
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we tested the exudate for its expansin activity in an extensometer (9). Furthermore, 
we fractionated its proteins and purifi ed the fraction with activity to analyse its 
function and mode of action. As expected, we found cell wall loosening activity in 
the exudate, but failed to detect any activity for purifi ed PPAL. Surprisingly, we 
found the activity to reside completely in the Lipid Transfer Protein (LTP) fraction 
of the exudate. Silencing of the LTP gene by RNA interference confi rmed these 
results. We were able to generate a structural 3D model of LTP and to determine 
and characterize part of its active sites. The expansin-like activity of LTP occurred 
on all known test systems. 
Material and Methods
Collection of exudate
Nicotiana tabacum plants cv. Petit Havana SR1 were grown under greenhouse 
conditions. To collect the secreted exudate, fl owers, one day before anthesis were 
emasculated and stigmas were collected after two days. The stigmas were incubated 
for 15 min in 50 mM NaAc buffer pH 4.5, called extension buffer  (10 stigmas/0.1 
ml buffer) and then removed. The remaining buffer with exudate was used directly 
in cell wall loosening assays or further processed for protein purifi cation. 
Cell wall loosening assays
Assays were performed essentially as described by Cosgrove (9) using a custom built 
extensometer, equipped with two cuvettes for controls or duplicate measurements. 
Three types of cell wall specimens were used for the cell wall loosening assays: 
cucumber hypocotyls, wheat coleoptiles and pellicles of cellulose/hemicellulose 
composite from Acetobacter xylinus. Hypocotyls of cucumber (Cucumis sativus) and 
coleoptiles of wheat (Triticum aestivum) were obtained from 4-days-old etiolated 
seedlings that were germinated in moist vermiculite. Apical segments of 20 mm 
were cut, frozen at –20oC, thawed, abraded with carburundum slurry and boiled 
for 15 s Acetobacter xylinus was grown at 30oC in Hestrin Schramm medium in the 
presence of 0.5% tamarind xyloglucan (Megazyme, Ireland) (10). The pellicles were 
removed from the plates and cut into 2 x 20 mm strips, dried in fi lter paper for 15 
min and then rehydrated in extension buffer for use in the extensometer. Hypocotyls, 
coleoptiles and bacterial strips were incubated individually in a cuvet containing 800 
µl of extension buffer. The extension was measured every 20 s, under a constant load 
of 30 g, for a period of one hour until a stable base extension was established. This 
extension represents the intrinsic creep of the wall. About 15 min after the extension 
appeared linear, the buffer was replaced by the test sample. Samples were tested with 
in comparison to a control or treated sample. Protease sensitivity was tested by pre-
digestion of the sample with 2 mg/ml papain protease (Sigma) for 2 hrs at 65OC. 
Protein degradation after papain treatment was confi rmed by SDS-PAGE (10 µl 
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treated extract per lane). Protein denaturation occurred by incubating for 15 min 
at 100OC with 5% 2-mercapto-ethanol. Unless stated otherwise, purifi ed tobLTP2, 
wheat LTP and PPAL was used in the extensometer assay at a concentration of 10 
µg/ml in extension buffer for all three types of wall specimens. With a view to a 
possible role of the pI, tobLTP2 was incubated in extension buffer, supplemented 
with 200 mM NaCl before or after addition of the LTP. Alternatively, up to 2 mg/ml 
of 4-15 kDa poly-D-lysine (Sigma) was dissolved in extension buffer and assayed on 
cucumber hypocotyls. LTP was incubated for 1 h at RT in extension buffer saturated 
with benzene or β-sitosterol (Sigma) to test the possible role of the hydrophobic 
cavity of LTP. The extensometer assays were carried out with 5 µg/ml purifi ed 
LTP. After measuring the extension for 25 min, the wall specimens were washed 3 
times, replaced with fresh extension buffer containing 5 µg/ml new LTP protein and 
further extension was measured.
Exudate protein purifi cation
Proteins in the exudate extracts were analysed by standard 12.5% SDS-PAGE 
and stained with Coomassie brilliant blue (CBB) R250 (Amersham Pharmacia 
Biotech). For protein purifi cation, the exudate extract was clarifi ed by centrifugation 
(10000g for 15 min) and fi ltration and then concentrated with a 10 kDa Centricon 
Concentrator (Millipore-Amicon). To isolate LTP, the concentrate was loaded on a 
MonoS cation exchange column (Amersham Pharmacia Biotech), pre-equilibrated 
with extension buffer and eluted with a linear gradient from 0 to 1 M NaCl in 50 
mM NaAc, pH 4.5. Fractions putatively with LTP were loaded on a Superdex-200 
gelfi ltration column (Amersham Pharmacia Biotech) and protein was eluted with 
extension buffer. Fractions containing one single protein of ~9 kDa were pooled. 
PPAL was purifi ed by loading the concentrated exudate on a MonoQ anion exchange 
column (Amersham Pharmacia Biotech) pre-equilibrated with 20 mM PIPES, pH 
5.7 and elution with a linear gradient from 0 to 1 M NaCl in 20 mM PIPES, pH 5.7. 
Fractions that cross-reacted with anti-PPAL antibody were pooled and were loaded 
on a Superdex-200 gelfi ltration column (Amersham Pharmacia Biotech). Proteins 
were eluted with extension buffer and fractions containing PPAL were pooled. 
Protein concentrations were determined by Bradford -protein assay (Biorad). 
Wheat LTP purifi cation
To isolate LTP, we used a conventional procedure (11), but avoided the generally 
used reverse-phase chromatography as this method involves hydrophobic solvents 
that may occupy the hydrophobic cavity of LTP. In short, the procedure was as 
follows. Seeds were soaked for 36 h at 40C in 100 mM KCl, 5 mM EDTA, 8 mM 2-
mercaptoethanol and 100 mM Tris-HCl buffer, pH 7.8. After grinding in the same 
buffer and fi ltration through a nylon mesh, the homogenate was centrifuged for 30 
min at 5000g. The collected supernatant was adjusted to pH 5.0 and centrifuged 
(for 30 min at 10000g) and the pH of the supernatant was re-adjusted to 7.8 with 
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2 M Tris base. Purifi cation started by selective ammonium sulphate precipitation 
at 40 and 80% saturation. After dialysis at 50C overnight to allow proper refolding 
of the protein, further purifi cation occurred on a Superdex-200 gelfi ltration 
column (Amersham Pharmacia Biotech) with expansion buffer as eluent. Fractions 
containing proteins with a molecular weight in the range of 8-10 kDa, as tested by 
SDS-PAGE, were pooled and were loaded on a MonoS cation exchange column 
(Amersham Pharmacia Biotech) pre-equilibrated with extension buffer. Proteins 
were eluted with a linear gradient from 0 to 1 M NaCl in extension buffer. Fractions 
containing an approximately 9 kDa protein were tested for purity by SDS-PAGE 
and MaldiTOF and the protein was confi rmed to have the size of LTP, i.e. 8.8 
kDa. This fraction was desalted by elution with extension buffer from a FastDesalt 
column (Amersham Pharmacia Biotech).
Protein analysis and sequencing
Amino acid sequencing of purifi ed LTP was performed by automated Edman 
degradation at the Protein Analysis Laboratory of the University of Alabama 
(Birmingham). To test protein purity, 2D-electroforesis was performed by fi rst 
separating proteins on the basis of their pI using a 7 cm Immobiline DryStrip pH 
3-10 on an IPGphor as recommended by Amersham Pharmacia Biotech. After 
isoelectric focusing, the strip was incubated in 50 mM Tris-HCl pH 8.8, 6M Urea 
and 30% glycerol for 15 min., placed on a 12.5% SDS-PA gel and run using standard 
procedures. CBB staining was performed using the standard protocol. ). Western 
blot analysis was performed as described (6), using polyclonal antibodies against 
PPAL and horseradish peroxidase conjugated goat- anti-rabbit IgG, in a 1:100000 
dilution as second antibodies. Detection was carried out using Supersignal West 
Pico (Pierce) during 30 minutes and blots were exposed to fi lm during 5 minutes 
and developed.
Construction of LTP dsRNA Interference (LTP-RNAi) Plasmid
To silence the LTP gene, we used an RNA interference (RNAi) approach. The RNAi 
plasmid, based on pGSA1165 (ChromDB, Arizona USA) was made of 2 units with 
either PPAL or STIG1 promoters, replacing the 35S promoter of pGSA1165. 
These two pistil specifi c promoters regulate the transcription of an inverted repeat of 
partial LTP cDNA (nt 44-433 of EMBL D13952).
Plant Transformation
The LTP-RNAi binary vector was introduced into Agrobacterium tumefaciens 
LBA4404 by freeze-thaw transformation (12). Nicotiana tabacum cv. Petit Havana 
SR1 was transformed by using a standard leaf disc transformation and regeneration 
method (13). Transgenic plants were selected in vitro on the basis of kanamycin 
resistance and they were grown in the greenhouse.
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RNA extraction and Northern blot analysis
RNA extraction was performed as described previously (6). Northern blot analysis 
was performed as described (6) under stringent conditions with LTP cDNA as 
probe. 
In situ hybridisation
Stigma/styles were dissected from tobacco fl owers of developmental stage 6 (14). 
Fixing, embedding, sectioning and hybridisation was performed as described (6). 
The antisense and sense LTP RNA probes were synthesized using dioxigenin-UTP 
by in vitro transcription with the T7 and T3 polymerases of the dioxigenin RNA 
labelling kit using LTP cDNA as template (Boehringer Mannheim).
MALDI-TOF MS analysis
LTP was characterized by matrix assisted laser desorption/ionisation time of fl ight 
mass spectrometry (MALDI-TOF MS, Bifl ex III, Bruker, FRG). 1 µg purifi ed LTP 
was mixed with 5 µl of trifl uoracetic acid (TFA, 0.1% v/v) and 5 µl of matrix solution 
(a saturated solution of synaptic acid in a 50:50 mixture of acetonitrile and 0.1% 
TFA (v/v)). 1 µl of this mixture was spotted on the target plate and was analysed in 
the linear mode. 
Results and Discussion
Lipid Transfer Proteins loosen cell walls
One of the proteins we found to be secreted in the exudate of the tobacco stigma is 
the β-expansin homologue PPAL (6), which could have cell wall loosening activity. 
To test this, we assayed the exudate in a custom built extensometer designed as 
described by Cosgrove (4,9). Figure 1A shows indeed that the exudate has cell 
wall loosening activity and that this is destroyed by protease treatment, thus 
demonstrating that the activity is determined by a protein. To identify the active 
protein, we fractionated the proteins of the exudate (Figure 2A) using ion exchange 
followed by gel fi ltration HPLC, and we tested each fraction for extension activity. 
The one fraction with activity contained a single protein of 8.8 kDa and with a pI 
of ~ 9, as established by 2D electrophoresis (Figure 2B) and by MaldiTOF analysis. 
N-terminal sequence analysis of this protein revealed a sequence 100% identical to 
the deduced amino acid sequence of a cDNA encoding the tobacco Lipid Transfer 
Protein TobLTP2, isolated from a fl ower cDNA library* (15). We identifi ed the same 
LTP cDNA by RT-PCR on tobacco pistil mRNA. As shown in Figure 3A, in situ 
hybridisation analysis on stigmatic tissue demonstrates that LTP mRNA accumulates 
mostly in the secretory zone of the stigma, which is the exudate producing tissue. By 
a similar protein purifi cation procedure we also purifi ed the β-expansin homologue 
PPAL protein (Figure 2C) and tested it for cell wall loosening activity. As shown 
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in Figure 1B, LTP and not PPAL is the cell wall loosening agent in the exudate. In 
addition, we proved that wheat seed LTP purifi ed under non-hydrophobic and non-
denaturing conditions has cell wall loosening activity (Figure 1C). 
Figure 1. (A) Cell wall loosening by tobacco stigma exudate extract (exd), exudate extract treated 
with papain protease (exd+papain) and 50 mM NaAc pH 4.5 extension buffer (control). Samples 
were applied to cucumber hypocotyl cell wall specimens at the time point indicated by the arrow. 
(B) Purifi ed tobacco LTP (LTP), or purifi ed tobacco PPAL (each 10 µg/ml) were applied to hypocotyl 
cell wall specimens at the time point indicated by the arrow to establish their cell wall loosening 
activity. The same results were obtained using high concentrations of LTP and PPAL (40 µg/ml, data 
not shown). (C) Purifi ed tobacco LTP was tested on wall analogous material produced by Acetobacter 
xylinus (10 µg/ml tLTP, broken line). Cucumber hypocotyl wall specimens were used to measure 
the loosening activity of wheat LTP (wLTP, 10 µg/ml) and of exudate extract from transgenic plants 
lacking LTP expression (exd -LTP). Arrow indicates the time at which the LTP samples were applied. 
LTP has the same cell wall loosening effect on wheat coleoptiles (data not shown). (D) Extension rate 
of cucumber hypocotyl cell walls upon incubation with 5 µg/ml LTP inactivated by NaCl (∗), benzene 
(), or β-sitosterol (•) and applied at the time as indicated by the respective symbols. After 20-25 min 
of incubation, the LTP inhibited by benzene or β-sitosterol was removed by washing the hypocotyls. 
5 µg/ml fresh LTP was then applied (indicated by arrow heads) to confi rm that the hypocotyl cell wall 
was still responsive to LTP activity. All extension graphs show representative results out of four to fi ve 
independent measurements.  
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It has been shown that the α-expansin CsExp1 was able to loosen composite 
material consisting of only cellulose and xyloglucan (10). This material is formed 
when cellulose, synthesized by Acetobacter xylinus, associates with xyloglucan that is 
present in the medium during bacterial growth. Although its molecular organization 
is similar to that of plant cell walls, it is far less complex and molecularly defi ned 
(16). To test whether this cellulose/xyloglucan composite is also susceptible for LTP 
mediated cell wall loosening, we used it as wall specimen in the extensometer. Figure 
1C shows that LTP causes loosening of this composite, indicating that the general 
process of wall loosening in plant cell walls, regardless whether it is facilitated by 
expansins or LTPs, takes place in the cellulose/hemicellulose network and not for 
example in the pectin or extensin network. To further prove that the LTP protein 
alone is suffi cient for cell wall loosening activity and that it is the only factor in the 
exudate with this activity, we silenced LTP expression in the stigma. We transformed 
tobacco plants with an RNAi construct bearing two pistil specifi c promoters to avoid 
gene silencing throughout the plant. Exudate extracted from these transgenic plants 
without detectable LTP mRNA expression (Figure 3C) has lost its wall loosening 
activity in the extensometer (Figure 1C), despite the presence of the PPAL protein 
in this exudate (data not shown). Our results prove that the wall loosening activity of 
the tobacco exudate resides in its LTP only and that irrespective of their origin, LTPs 
cause cell wall loosening on the systems known to be sensitive to classical expansins. 
Thus LTP may be part of an independent pathway to regulate cell wall loosening.  
 
Figure 2. (A) SDS-PAGE of crude exudate extract from one stigma containing 20 µg of total proteins. 
About 8-9 proteins are detectable after staining with coomassie. The protein of 32 kDa is PPAL and 
the most abundant is the 8.8 kDa LTP. (B) Two-dimensional SDS-PAGE of 10 µg purifi ed LTP. (C) Two-
dimensional SDS-PAGE of 5 µg purifi ed PPAL.
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Characterization of tobacco LTP mediated wall extension
TobLTP2 shares 50-53% amino acid sequence identity with maize, barley and wheat 
LTPs. This enabled us to model the TobLTP2 3D-structure by homology (Figure 4) 
(17-20).  The 3D-model† shows all the common, conserved features of LTP: the four 
alpha helices, the hydrophobic cavity, the four disulphide bridges, the high pI and the 
positively charged surface residues, demonstrating that TobLTP2 is a true member 
of the LTP family. This is also supported by the paper of Masuta et al. reporting that 
recombinant TobLTP2 has lipid transfer activity in vitro (21). We were not able to 
fi nd any sequence or structure similarity between LTPs and expansin. LTP consists 
of four alpha helices, whereas the dominant secondary structure of expansins is 
predicted to be a beta-strand.
We set to study the conserved features of LTPs and their effect on cell wall extension. 
Firstly, the high pI of tobLTP2, as shown in Figure 1B, is one of the features shared 
by all LTPs. To test its role in cell wall loosening, we measured the LTP mediated 
extension after the addition of salt. Figure 1D shows that this treatment restrains 
cell wall extension suggesting that the surface charges of the protein are important 
for its cell wall loosening activity. However, a high pI alone is not suffi cient for cell 
wall loosening, as poly-D-lysine (pI 9.7) did not cause a signifi cant extension in our 
assays (data not shown). 
The hydrophobic pocket is strictly conserved in all LTPs. It binds hydrophobic 
molecules with a different affi nity (22) without altering the 3D structure of the 
Figure 3. (A) In situ hybridisation with an antisense LTP dioxigenin-labelled RNA probe on tobacco 
stigma and style at developmental stage 6 (14). Purple coloration represents regions containing 
RNA-RNA hybrids. LTP mRNA is expressed preferentially in the secretory zone (SZ) cells bordering 
the cortex (CO). (B) In situ hybridisation with a sense LTP dioxigenin-labelled RNA probe on stigma 
and style at stage 6 (background control). (C) RNA gel-blot analysis of LTP transcript isolated from 
stigmas of wild type (wt) and transgenic (tg) plants harbouring an LTP-RNAi construct. 10 µg of total 
RNA was loaded in both lanes and RNA integrity is shown by ethidium bromide stain. Colour picture 
in appendix.
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protein (23). To assess the possible role of the hydrophobic cavity in LTP’s cell wall 
loosening, we pre-incubated the protein with the hydrophobic agents benzene and 
β-sitosterol, and we assayed these mixtures in the extensometer. Figure 1D shows 
that this pre-treatment completely inhibited the cell wall loosening activity of LTP. 
As it was demonstrated previously that benzene only occupies the hydrophobic cavity 
and does not alter protein structure (23), our results show that the availability to 
engage in hydrophobic interactions is essential for LTP action in cell wall loosening. 
Since the addition of fresh LTP restores wall extension, it is likely that the cell wall 
loosening activity depends on the binding of LTP to the wall. 
LTP mediated wall extension
On the basis of our experiments, we propose the following mechanism of cell wall 
loosening by LTP. Firstly, after secretion LTP binds by means of its hydrophobic 
cavity to hydrophobic ligands in the cellulose. The presence of such ligands appears 
likely since it was demonstrated recently that β-sitosterol, which strongly inhibits 
LTP action, is a primer for cellulose synthesis (24) and that lipid-linked 1,4-β-
glucans are regular components of cellulose in the cell wall (25). Editing the amount 
of LTP-binding lipids in the cellulose could control the wall’s sensitivity to LTP. 
Secondly, the ligand-LTP complex with its charged surface (Figure 4B) may disrupt 
the surrounding hydrogen bonds between cellulose and hemicellulose, thereby 
allowing further wall creep. 
LTP gene expression data from Arabidopsis and potato are compatible with a cell 
wall loosening function of LTPs in plants. LTP1 of Arabidopsis is mainly localized in 
the walls of young and expanding epidermal cells (26) and the expression pattern of 
LTPs from potato was shown to relate to the development of new tissues. 
Figure 4. (A) Ribbon representation of a 3D model of tobLTP2 obtained by homology modelling. 
TobLTP2 consists of four alpha helices that form a hydrophobic cavity lined with hydrophobic 
residues (only some are depicted). (B) Space fi lling model displaying the surface charge distribution. 
The orientation is the same as in (A). The positively charged (basic) residues are dark. Pictures were 
prepared using ViewerLite 5.0. Colour picture in appendix.
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The mechanism we proposed for LTP action bears similarities to that proposed for 
expansins (4,27). Both argue for the binding of cell wall loosening proteins to the 
wall: expansins by their putative cellulose binding domain (4) and LTPs by their 
hydrophobic pocket. The purifi ed expansins that were proven to be functional in 
an extensometer assay have a high pI (>8.5) (3,5) similar to that of LTP. Altering 
the pH and salinity in extensometer assays with expansins also argues that the pI is 
important (3,9). Thus, protein charges might be instrumental in both cases. This 
could be a reason why the β-expansin homologue PPAL with its relatively low pI of 
4.7 (Figure 1C) has no expansin activity in vitro. 
Major effects on pollen germination, pollen tube growth and adhesion, as has 
been shown for the LTP-like SCA protein of lily (28,29), may be excluded on the 
basis of preliminary experiments with transgenic plants lacking LTP expression of 
which we were not able to detect an apparent different phenotype regarding pistil 
morphology (data not shown). The possible functions of LTP in the stigma in vivo 
may be manifold and probably are of a diffi cult to establish quantitative nature. 
Obviously, important phenomena like wall extension and cell growth have many 
back-up systems and alternative pathways, such as probably the expansin and LTP 
for cell growth.
Footnotes
*  Swissprot accession number Q03461
† The PDB fi le of TobLTP2 can be found at http://www.cmbi.kun.nl/gv/service/jeroen/
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Abstract
The extension or creep of plant cell walls is regulated by wall loosening proteins, 
such as expansins and Lipid Transfer Proteins (LTPs). However, the actual molecular 
basis of this cell wall loosening remains enigmatic. To study the mechanism of cell 
wall loosening, we searched for a quantitative description of LTP mediated wall 
creep. In this report, we show that wall creep upon unidirectional force application 
on cucumber hypocotyls and on bacterial cellulose/hemicellulose material, can be 
described by a simple function logarithmic in time. This type of behaviour suggests 
analogies to the slow dynamics typical of creep phenomena described for disordered 
systems. Furthermore, only the rate of the logarithmic creep is increased upon 
addition of LTP, implying that LTP does not initiate new pathways for cell wall 
extension, but merely facilitates the endogenous process of cell wall extension.
Introduction
The cell wall, essentially a hydrated polymeric network of cellulose fi brils embedded 
in a matrix of xyloglucans, pectins and proteins, provides strength and rigidity to the 
plant cell and determines the structural integrity of the entire plant (1,2). Despite 
its rigidity, the cell wall is able to extend during growth. Therefore, the cell wall has 
unique properties that are essential for growth regulation and that are determined by 
the walls composition and architecture.  (3,4).  
One of the mechanical properties of relevance during cell growth is the walls 
viscoelasticity. The wall shows both plastic and elastic deformation upon force 
application. Elastic wall behaviour is exhibited mainly in reaction upon rapidly 
changing external forces, whereas plastic or viscous behaviour manifests itself 
in reaction to slowly varying forces (5). The classic way to describe viscoelastic 
behaviour of materials under stress is by combining terms that linearly depend on 
the applied stress, and that represent either elastic or viscous behaviour. However, 
such linear models cannot describe the mechanical properties of many materials 
(e.g. from biological origin). The addition of more terms, including non-linear 
ones, could result in a more detailed description of viscoelastic behaviour. However 
this is not meaningful if not justifi ed by theoretical hypotheses or experimental 
observations. Then, empirical relations describing the experimental data can be a 
valuable alternative. In this way, Büntemeyer et al. proposed a log-time function to 
describe the creep, i.e. the long term and continuous deformation, of Zea mays roots 
upon force application (6):
(1) L(t)= L0 + Ncreeplog(t),
where L is extension, L0 is initial length increase, t is the time elapsed since the 
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application of stress and Ncreep is called the creep parameter of this model. 
Thompson incorporated this log-time function into his description of the creep data 
of the epidermis of growing tomato fruit upon force application (7), together with 
two linear viscoelastic Kelvin/Voigt elements and one viscous element:
(2) Lt = L0 + Ncreeplog(t) + k + f1τ1 [1-exp(-t/τ1)] + f2τ2 [1-exp(-t/τ2)] + f3t
In equations (1) and (2) it is confusing which unit of time is used, as the time 
not has been divided by a constant with the same physical dimension. With log 
functions, this constant can be chosen arbitrarily since it has no effect on the shape 
of the log-function, but only contributes to an offset. Moreover, the description of 
L0 in equation (1) can be misleading: since the log function is infi nite at t=0, the 
description is only an approximation for large times. To circumvent this problem of 
infi nity at t=0, a more correct physical description is:
(3) L(t) = L0 + Ncreep log(1+ t/τ) for t ≥ 0,
where τ  is a time constant typical of the system. For t/τ » 1  eq. (3) becomes: 
(4) L(t) ≈ L0 – Ncreeplog(τ /τn) + Ncreeplog(t/τn),
where we introduce a normalization constant τn typically of the order of the 
measurement interval. If τ is very small (i.e. τ « τn), Büntemeyer’s approximation (1) 
becomes valid, and the constant term –Ncreeplog(τ /τn) contributes to the term k in 
(2). It is impossible to determine τ if it is small compared to the time resolution of 
the creep measurements and if the short-term behaviour is not fully dominated by 
the log. 
These mathematical considerations notwithstanding, the functions (1) and (2) have 
been proven to describe the creep of root and epidermal tissue upon force application 
adequately. Since these organs are composed of young and expanding cells, their 
mechanical properties are largely determined by the stress bearing primary cell wall. 
The structural rigidity of the primary wall is provided by the cellulose microfi brils, 
cross-linked by xyloglucans. This network is targeted by proteins that increase wall 
extensibility such as expansins and Lipid Transfer Proteins (LTP) (8-10). In vivo, the 
internal turgor pressure is the driving force behind wall creep (11) and this process 
can be simulated in vitro by using an extensometer, in which a unidirectional stress 
is applied to isolated cell walls while creep is measured over time (12). This assay has 
been used successfully to demonstrate qualitatively that expansins and LTPs loosen 
the cell wall. (10,13). 
Although the qualitative effect of the cell wall loosening proteins on wall creep is 
well described, the effect of these proteins on the mechanics of extending walls has 
never been studied. Therefore, we set to determine the nature of the relation between 
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LTP mediated cell wall loosening and creep rate. This relation may be indicative for 
the mechanisms of cell wall loosening at the molecular level. We used cucumber 
hypocotyls and cellulose/xyloglucan composite material produced by Acetobacter 
xylinus for creep measurements. Presently, we provide an empirical description of 
both wall creep and the facilitation of creep by tobacco LTP. 
Material and methods
Plant material and Acetobacter xylinus composite material
Nicotiana tabacum plants cv. Petit Havana SR1 were grown under greenhouse 
conditions. Hypocotyls of cucumber (Cucumis sativus) were obtained from 4-day-
old etiolated seedlings, grown in moist vermiculite at 28ºC. Apical segments of 
cucumber hypocotyls of 20 mm were cut, frozen at –20ºC, thawed, abraded with 
carburundum slurry and boiled for 15s as described (12). Acetobacter xylinus was 
incubated for 5 days at 30ºC in Hestrin Schramm medium in the presence of 
0.5% tamarind xyloglucan (Megazyme) essentially as described (8). The cellulose/
xyloglucan pellicles were harvested and cut in strips of 2 mm wide.
LTP protein purifi cation
LTP protein was purifi ed from tobacco stigma exudate under native conditions as 
described (10).
Extensometer assay
A custom built extensometer was used to measure creep, as described previously (12). 
The sample was clamped at both ends, 14 mm apart, in a cuvet containing solution. 
A force was instantaneously exerted on the strip by a lever over which a weight could 
be slid to regulate the force. From the moment of force application, the extension of 
the sample was measured by a linear variable displacement transducer (LVDT) and 
recorded over a minimum period of 4 hours with a minimum time interval of 1 s. 
Temperature was maintained constant within 0.1ºC. 
Data Fitting
We fi tted the data as a function of the logarithm of time by a straight line, and 
discarded the fi rst 10 seconds after the application of force. To avoid overfi tting at 
long times, only measurements close to regular intervals in the logarithm of time 
were used. The noise was estimated by piecewise removing the trend for every 25 
measurements, and determining the standard deviation. Then a linear least squares 
fi t was used, in logarithmic time space, to determine Ncreep, and its error.
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Results and discussion
To avoid possible effects of cellularisation and the biochemical complexity of 
the plant cell wall, we used bacterial composite material and compared its creep 
properties with that of cucumber hypocotyls (Figure 1A). This composite material 
is formed when xyloglucan associates with cellulose, during synthesis by Acetobacter 
xylinus (14,15). Although its molecular organization is similar to that of plant cell 
walls, it is molecularly defi ned and far less complex. The bacterial composite has 
been shown a suitable model for primary cell walls (8,16), and to be responsive to cell 
wall loosening activity by LTP (10). We propose the following function to describe 
the creep:
(5) L(t)=L0+ ∆L(t), where ∆L(t) ∝ Ncreep log(t/τn) for t »τn, 
where L0 is the initial length of the sample, ∆L is the creep of the wall, Ncreep is 
termed the logarithmic creep rate and the logarithm is normalized by choosing 
τ n=1s. While this function is non-linear in t, it is linear in log(t/τn), therefore Ncreep 
can be determined from the slope of the curve, plotted on a logarithmic time scale 
(Figure 1B). Creep of both the bacterial composite and the cucumber hypocotyl are 
well described by equation (5), giving further support to the usefulness of Acetobacter 
composite as a cell wall analogue in creep measurements. We determined Ncreep for 
hypocotyls (0.041 ± 0.004 mm), and Acetobacter wall material (0.101 ± 0.013 mm) 
under the conditions described. 
Figure 1. (A) Length of cucumber hypocotyl (cu) or Acetobacter composite material (ac) upon a 
unidirectionally applied force of 0.1 N vs. time. Material was incubated in 50 mM NaAc pH 4.5 and the 
force was applied at t=0. The same data is semi-logarithmically plotted (B) to show log-like behaviour. 
The logarithmic fi t using equation 5 is shown by the dotted line though the data points.
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Although the addition of cell wall loosening proteins in an extensometer assay leads 
to a faster wall creep, their effect on the time dependence of wall creep has not 
been studied so far. To this purpose, we added LTP to Acetobacter composite during 
extensometer measurements. Figure 2 clearly shows that the presence of LTP gives 
rise to a higher creep rate (N        ). LTP relatively increased Ncreep by a factor 7.1 ±1.3 
(N        / Ncreep). As can be seen in fi gure 2B, the increase in creep rate upon addition 
of LTP is not instantaneous, probably due to the diffusion of LTP to its target. 
It appeared unnecessary to introduce new terms in the function we proposed for cell 
wall creep to describe the new situation after LTP addition. The time dependence 
remains fully logarithmic, albeit with an increased parameter Ncreep. This implies that 
LTP does not initiate new pathways for cell wall extension, but merely facilitates the 
endogenous process of cell wall extension under an applied force. 
The fact that the creep is logarithmic in time, i.e. the time it takes to increase the 
length by a certain factor, is the square of the time it takes to increase it by half of this 
factor, indicates that the cell wall becomes stronger, rigid and better resistant to the 
force applied to it. If LTP increases Ncreep by a factor c a time t after the application of 
force, it will take a time t (2/c) to double the extension. Consequently, the effect of LTP 
Figure 2. (A) Length of Acetobacter composite material upon a unidirectionally applied force of 0.1 N 
vs. time. At the time indicated by the arrowhead, 20 µg/ml purifi ed LTP was added. The same data is 
semi-logarithmically plotted (B) to show log-like behaviour. The logarithmic fi t using equation 5 with 
its appropriate Ncreep is shown by the dotted line. 
LTP
creep
LTP
creep
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depends heavily on the amount of time the wall has been subjected to a certain force. 
Cell elongation therefore, would be more effi cient when a cell increases Ncreep before 
rather than during turgor pressure increase. It is unlikely that cell wall loosening 
by LTP alone is suffi cient for total plant elongation. However, cell wall loosening 
by LTP may be instrumental for the initiation of cell expansion or for local and 
directional growth leading to cell specialization. Our fi ndings allow the construction 
of physico-chemical models, describing LTP-mediated cell wall loosening at the 
molecular level. 
The logarithmic time dependence suggests analogies to the slow dynamics typical of 
creep phenomena in many disordered systems such as spin glasses, sheared dense fl uids 
and granular matter (17). Common features of these disordered systems are that they 
are not in their most favourable (lowest energy) confi guration, that favourable local 
reorderings often require more energy than can be obtained from thermal motion 
alone, and that the amount of possible (or likely) reorderings decreases as the system 
approaches its lowest energy confi guration. This explains the ever-slower transition 
of the system to lower energy confi gurations. The application of an external force 
changes the energy of all possible confi gurations systematically, favouring different 
confi gurations in comparison with those prior to the application.
Recently, a lot of work is being devoted to the understanding of this complex process 
and the relative importance of thermally activated processes, aging and microscopic 
structure (18). The slow dynamics of the cell wall revealed by the present experimental 
data is an important step towards the formation of a microscopic model for cell wall 
dynamics. It is postulated that LTP lowers the energy barriers needed to overcome 
each rearrangement in the cellulose/xyloglucan network, thereby speeding up the 
transition of the network to a lower energy confi guration under the applied force.
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On pollen pistil interactions
In Angiosperms, pollen tubes grow with a high rate to cover the distance between 
stigma and ovary. The tubes grow faster in vivo than in vitro, which indicates that 
the pistil promotes tube growth (1). The pollen coat of species with a dry stigma, 
such as maize and Arabidopsis, has been thought to bear functional similarities with 
the stigmatic exudate of wet stigma type plants like tobacco and petunia, since 
either lipids of the exudate or pollen coat were shown to be essential for correct 
pollen tube penetration (2). The tobacco stigmatic exudate protein PPAL (3) is 
similar to the maize pollen protein ZeaMI. Both proteins belong to the family 
of β-expansins and ZeaMI was shown to enhance cell wall extension by a process 
called cell wall loosening. This activity was fi rst shown by Cosgrove and coworkers, 
who hypothesized that cell wall loosening of the maternal tissue by ZeaMI would 
facilitate pollen tube growth (4). This hypothesis has been the cue throughout the 
research described in this thesis. By analogy we assumed that the β-expansin PPAL 
would facilitate pollen tube growth in a similar way. Strong indications for a function 
of PPAL in pollen-pistil interaction is its pistil specifi c expression: it increases 
during pistil development, and more importantly, it enhances upon pollination 
and decreases afterwards (3). For this reason, the initial goal of the project was to 
determine the function of PPAL in pollen-pistil interaction. To that end, PPAL-
silenced plants were made by RNAi and analysed for pistil development and in vivo 
pollen tube growth. In addition, purifi ed PPAL was assayed in an extensometer to 
test its presumed cell wall loosening activity. 
The results show that the absence of PPAL in the transgenic plants did not lead to 
impaired pollen tube growth or pistil development. Though total exudate from wild 
type plants showed cell wall loosening activity, this activity could not be attributed 
to purifi ed PPAL. Moreover, the exudate from PPAL-silenced plants was still active 
in the extensometer, indicating that another protein would have to be responsible 
for the activity.
To compare the data generated in tobacco, we studied the Petunia hybrida PPAL 
homologue. The genomic structure of petunia is not only simpler than that of the 
allopolyploid tobacco, but the existence of transposon-induced mutant collections 
might provide useful and specifi c PPAL-knockouts. After isolation of the Petunia 
PPAL (Ph-PPAL) cDNA, Northern blot analyses and in situ hybridisation showed 
that although Ph-PPAL is specifi cally expressed in the pistil, it is confi ned to the 
style rather than stigma and placental epidermis as in tobacco. The Ph-PPAL 
protein however, was found in the exudate, indicating that after its synthesis and 
secretion in the style, the protein is transported into the secretory zone of the stigma. 
Although the petunia exudate showed activity in the extensometer, the Ph-PPAL 
protein was again not responsible for the cell wall loosening activity of the exudate. 
Taken together, it is tempting to conclude that both PPAL and Ph-PPAL may be 
vestigial exudate proteins.
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However, several objections can be made against this conclusion. Firstly, pollen 
tube growth in transgenic tobacco plants lacking PPAL was compared to the pollen 
tube growth in wild type plants. However, growth rates vary considerable and this 
may obscure subtle effects caused by the absence of PPAL. Secondly, conditions at 
which a function of PPAL may be more easily detected, such as low temperatures 
and drought, were not tested. Additionally, the lack of detectable cell wall loosening 
activity could be due to inactivation of the protein, although the protein was purifi ed 
under very mild non-denaturing conditions. And fi nally, it may be possible that 
the cell wall specimens used in the extensometer (wheat coleoptiles, cucumber 
hypocotyls and bacterial cellulose/hemicellulose composite material) are not 
susceptible for PPAL’s activity. In conclusion, the specifi c expression profi le and the 
sequence conservation between tobacco and petunia PPAL suggest that PPAL has a 
function but it has eluded our analyses.
The hypothesis that cell wall loosening facilitates pollen tube growth still was 
worthwhile to investigate because even though PPAL did not seem to be the active 
protein, the tobacco exudate still showed cell wall loosening activity. To identify 
the active protein, we fractionated the exudate using ion exchange and gelfi ltration 
HPLC and tested the fractions in the extensometer. This procedure yielded a small, 
basic protein that was identifi ed as a Lipid Transfer Protein (LTP). The cDNA of 
this LTP was previously published by Masuta and coworkers (5) and this enabled 
us to obtain the LTP cDNA clone by RT-PCR. Northern blot analyses and in 
situ hybridisation showed that LTP is expressed specifi cally and abundantly in the 
secretory zone of the stigma. Exudate from LTP-silenced plants did not show activity 
in the extensometer, indicating that LTP is the only cell wall loosening protein in 
the exudate. The LTP-silenced plants were crossed with plants without PPAL 
expression to obtain plants lacking both proteins. Analysis of pollen tube growth in 
stigma from these latter plants showed that overall pollen tube growth was normal 
as compared to wild type stigmas (Figure 1). These results indicate that pollen tube 
growth in the tobacco pistil does not require cell wall loosening by the exudate.
 
However, this conclusion cannot be extrapolated to other plant species since pistil 
morphologies differ considerably between Angiosperms. For example, the cellular 
organization of maize styles is compact with small intercellular spaces (6) and 
therefore it might be possible that cell wall loosening proteins facilitate pollen 
tube growth in these types of styles. In contrast, stigmatic and stylar tissues from 
solanaceous species show a much looser structure with large intercellular spaces, 
which allow a less restricted pollen tube growth (7-10). When pollen tubes penetrate 
the pistil, the maternal cells are being pushed away and collapse, indicating loss 
of turgor pressure. This process probably takes place without cell wall loosening. 
Nevertheless, the hypothesis that cell wall loosening of the maternal tissue facilitates 
pollen tube growth needs further investigation in plant species with close and 
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compact pistil morphology.
Another possible function in pollen-pistil interaction attributed to LTP is that of 
pollen tube adhesion and guidance, as shown by the group of Lord for the LTP-like 
protein SCA from lily exudate. Although lily is a wet stigma type plant like tobacco, 
its exudate is aqueous rather than lipidic. The fl ower of lily has a hollow style along 
which pollen tubes adhere and grow towards the ovary. Using an in vitro adhesion 
assay, SCA together with a pectic polysaccharide were shown to be suffi cient 
for pollen tube adhesion (11-13). Furthermore, the SCA protein also showed 
chemotropic activity on in vitro grown pollen tubes (14). However, our attempts to 
detect tobacco pollen tube adhesion mediated by stigmatic exudate failed. Besides, 
we could not detect cell wall loosening activity in the lily exudate, which indicates 
that SCA and tobacco LTP differ in function. Another question is whether tobacco 
LTP has an effect on in vitro pollen tube growth. Therefore, we tested pollen tube 
guidance by means of a semi-in vivo assay, like it was used to detect chemotropism by 
the stylar protein TTS (15). However, we were not able to detect either attraction or 
repulsion by LTP on pollen tubes and we were not able to detect changes in growth 
rate of in vitro grown pollen tubes upon LTP addition. 
LTPs are proteins with multiple functions
LTPs were originally isolated as proteins capable of lipid transfer in vitro (16,17) 
and it was suggested therefore that LTPs may be involved in intracellular lipid 
Figure 1. In vivo pollen tube growth in the tobacco stigma of wild type plants or transgenic plants 
lacking LTP and PPAL expression. No apparent difference in pollen tube growth could be detected 
between the two plants. The bars indicate 20 µm.
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transport though this activity never has been proven in vivo. However, since it 
was demonstrated that LTPs are located extracellularly (18,19), this function 
became questionable. As an alternative, LTPs were proposed to be involved in cutin 
deposition by carrying the cuticular components towards the extracellular matrix 
(20). However, LTPs have been shown to be expressed in roots (21-23), a tissue in 
which cutins never have been found, which indicates that cutin deposition is not the 
only function of LTPs. 
Another function attributed to LTPs is in defence against pathogen-attack (24). 
Several LTP proteins have been shown to have antibiotic activity but their relative 
activity to different pathogens is highly variable. In addition, the expression of several 
Ltp genes has been shown to respond to pathogen infection (Table 1). Recently, 
Maldonado and coworkers have reported another function of LTP in pathogen 
defence (25). Their experiments indicate that the LTP-like protein DIR1 of 
Arabidopsis is necessary for the transfer of a mobile signal essential for the induction 
of systemic acquired resistance and they propose therefore that DIR1 interacts with 
a lipid-derived molecule to promote long distance signalling. 
So far, cutin deposition, defence against pathogen-attack, pollen adhesion and 
now cell wall loosening are the four functions described for LTPs. Since these four 
functions might refl ect the different amino acid sequences among the LTPs, it may 
be feasible to separate the four functional groups by multiple sequence alignment. 
However, a fi rst attempt to perform such an analysis on the LTPs of table 1 did not 
give a clear answer. Possibly, the functions of LTPs are not defi ned by merely its 
amino acid sequence alone, but also by their expression patterns. This would imply 
that an LTP with lipid transfer activity necessary for cutin deposition could also 
play a role in cell wall extension. In conclusion, the family of plant LTPs comprises 
proteins, that diverge in amino acid sequence and that probably play multiple roles 
in processes in which lipid binding is required. For example, 71 putative LTPs with 
highly divergent sequences were identifi ed in the Arabidopsis genome (26).
Table 1 shows the expression patterns of LTPs studies in a broad range of plant 
species, but these studies are often not complete. Many studies focused on one 
single aspect of LTP expression e.g. cold induction or embryogenesis. The most 
comprehensive studies were performed in Arabidopsis, rice and tobacco. The 
scattered expression data notwithstanding, several similarities in patterns can be 
detected: with the exception of one, all LTPs were found to be secreted, expression 
in roots is very rare and LTPs are frequently detected in young and expanding tissues. 
This last aspect would be compatible with the cell wall loosening function of LTPs. 
It is interesting to note that some LTPs are expressed in the protoderm during 
embryogenesis (20,22,27-29), which is the layer that restricts cell expansion of the 
embryonic cells (27,30). Sabala and coworkers studied the effect of LTP over- and 
under-expression in transgenic proembryogenic cell clusters of Norway spruce. They 
found that clusters under-expressing LTP did not contain elongated cells, while in 
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Name Acc. # Plant Ref Ep Gt Em Sd Sl Ro Sm Gc Le Fi Fr Fl Se Pe An Pi Po SC Sh FP Pa Dr Co AB
LTP1 AF159798 At
(19,28,29
31,32)
+ + + nd + + + + + + ? + ? + + nd
LTP2 AF159799 At (31,32) + nd nd ? + + - + + + +
LTP3 AF159800 At (31,32) + nd + nd + + - + + + +
LTP4 AF159801 At (32) nd + + +
LTP5 AF159802 At (32) nd + + + nd
LTP6 AF159803 At (32) nd + + nd
LTP12 AL133452 At (33,34) nd nd nd nd nd nd nd nd nd nd tp nd nd nd nd nd
Bif38 L31938 Bc (35) nd nd nd + nd
WAX9A L33904 Bo (36) nd + + + + + + +
PEC-1 AB010433 Br (37) nd + nd nd
CaLTP1 Ca (38) nd nd + ± + +
EP2 M64746 Dc (20) + + + nd nd nd nd + + + + + +
ElLTP1 AF363505 El (39) + nd nd co nd
ElLTP2 AF363506 El (39) + nd nd co nd
LTP6 U64874 Gh (40) + + nd nd + nd
GH3 S78173 Gh (40) + + nd - + -
pFS18 AF114253 Gh (41) + + nd nd nd + nd
FS18a AF114254 Gh (41) + + nd nd nd + +
Fsltp1 AF195863 Gh (42) nd + + + +
Fsltp2 AF195864 Gh (42) nd + + + +
Fsltp3 AF195865 Gh (42) - + + + +
SDI-9 X92648 Ha (43) + +
Blt4.9 U63993 Hv (44,45) + nd ± + +
ECLTP AF109195 Hv (46) + nd nd nd nd +
LpLTP1 U66465 Lp (47) + + + + + +
LpLTP2 U66466 Lp (47) + + nd + + +
LpLTP3 U81996 Lp (47) nd + + nd + +
NgLTP1 AF151214 Ng (48) + nd - + nd - +
NtLTP1 X62395 Nt (49,50) + + + + + + + +
TA32 Nt (51) Tp
TA36 Nt (51) nd nd nd nd Tp nd
TobLTP Q03461 Nt (52,53) nd nd nd nd nd +
LTP1 Z23271 Os (54) + + + nd nd + + + nd + + + nd + + nd +
A15 X83435 Os (55) nd - + + nd
B1 X83434 Os (55) nd - + nd nd
B21 X83433 Os (55) nd - nd + +
LTP2 N16721 Os (23) + + + + +
Pa18 AB007843 Pa (22) + + + + + - nd nd
LTP1 X96714 Ps (56) - nd nd + + + nd
LTP2 X96715 Ps (56) - nd nd + + + nd
LTP3 X96716 Ps (56) nd nd + + + +
PvLTP24 U72765 Pv (57) + - + + + - +
PvLTP U34334 Pv (21,58) nd + + Cx nd nd nd ± nd nd nd
StLTP St (59) Tu + +
MZm3-3 AJ224355 Zm (60) nd nd nd nd tp nd
LTP Zm (61) + + + nd +
Name Acc. # Plant Ref Ep Gt Em Sd Sl Ro Sm Gc Le Fi Fr Fl Se Pe An Pi Po SC Sh FP Pa Dr Co AB
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clusters with LTP over-expression, highly elongated cells could be detected (22). 
Besides the work of Sabala et al., Maldonado et al. and our own work, no other 
studies of LTP in transgenic plants have been reported so far. Despite the large set of 
data on the expression of LTP and its function in vitro, very much remains unknown 
on the function of LTP in vivo. 
LTP mediated wall extension
After our fi nding that tobacco LTP enhances wall extension in vitro, we set to 
characterize this new function. To show that LTPs from other plants also are active 
cell wall loosening proteins, we isolated an LTP from wheat kernels. Extensometric 
assays confi rmed that wheat LTP is able to enhance in vitro wall extension as well. 
Over the years, the structures of several LTPs have been resolved and this allowed 
us to model the structure of tobacco LTP by homology. All conserved and common 
features of LTPs were predicted to be present in the model: the four alpha helices, the 
hydrophobic cavity, the four disulphide bridges, the high pI and the positively charged 
surface residues. This model proved to be a good instrument to further characterize 
the cell wall loosening activity of LTP. Addition of salt in the extensometer inhibited 
LTPs activity, indicating that the charged surface of the protein is important for 
LTP mediated wall loosening. The most prominent and strictly conserved feature 
of LTPs is their hydrophobic cavity, which is the site where hydrophobic molecules 
were shown to bind in vitro, without altering the protein structure (62) and with 
different affi nities (63). When we pretreated LTP with hydrophobic molecules that 
were shown to fi ll the cavity, LTP lost its activity in the extensometer. This indicates 
that the availability of the cavity to engage in hydrophobic interactions is essential 
for LTP-mediated cell wall loosening. These fi ndings have led us to propose the 
following working mechanism of cell wall loosening by LTP. After secretion, LTP 
binds by its hydrophobic cavity to hydrophobic ligands in the cellulose/xyloglucan 
Table 1. Spatial expression of LTP genes detected on RNA or protein level or by promoter-reporter 
gene constructs. Epidermal expression (Ep), “expressed-in-growing-tissue” (Gt), embryo (Em), seed 
(Sd), seedling (Sl), root (Ro), stem (Sm), Stomata guard cells (Gc), leaf (Le), fi bres (cotton) (Fi), fruit (Fr), 
fl ower (Fl), sepals (Se), petals (Pe), anthers (An), pistil, (Pi), pollen (Po), suspension culture (SC), shoot 
meristem (Sh), fl oral primordium (FP), pathogen induced (Pa), drought induced (Dr), cold induced (Co), 
ABA induced (AB). Arabidopsis thaliana (At), Brassica campestris (Bc), Brassica oleracea (Bo), Brassica 
rapa (Br), Capsicum annuum (Ca), Daucus carota (Dc), Euphorbia lagascae (El), Gossypium hirsutum 
(Gh), Helianthus annuus (Ha), Hordeum vulgare (Hv), Lycopersicon pennellii (Lp), Nicotiana glauca (Ng), 
Nicotiana tabacum (Nt), Oryza sativa (Os), Picea abies (Pa), Prunus amygdalus (Ps), Phaseolus vulgaris 
(Pv), Solanum tuberosum (St), Zea mays (Zm). 
Relative expressions: blanc means no data, not dectected (nd), cortex (Cx), tapetum (tp), tuber (Tu), 
confl ict in literature (?), cotyledons (Co), clear expression (+), lower expression (±), barely detectable 
expression (-)
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network. A good candidate for such a ligand may be β-sitosterol, which was shown 
to be a primer for cellulose synthesis (64), but possibly also undefi ned lipid-linked 
1,4-β-glucans, that were found in cell walls (65), may bind to LTP as well. Although 
it is thought that the membrane-bound endoglucanase KOR removes β-sitosterol 
from the cellulose chain during cellulose synthesis, it is possible that the removal is 
incomplete. Moreover, by editing the amount of LTP-binding lipids in the cellulose, 
whether they are β-sitosterol or other lipids, KOR could control the wall’s sensitivity 
to LTP. After the binding of LTP to its ligand, this complex with its charged surface 
may disrupt the surrounding hydrogen bonds between cellulose and hemicellulose, 
thereby allowing further wall creep. 
There are similarities between the mechanisms proposed for cell wall loosening by 
LTPs and expansins. Both models argue that after secretion, LTPs and expansins 
bind the cellulose/ xyloglucan network. It is also presumed that though expansins 
bind by their putative cellulose binding domain, LTPs bind by their hydrophobic 
cavity. In contrast to LTPs, which lack of an enzymatic domain, expansins have 
an endoglucanase-like domain (66). However, despite of great effort, a hydrolytic 
activity by expansins could never be detected (67) and it is therefore an interesting 
question whether an enzymatic activity is essential for cell wall loosening. The 
results in chapter 5 suggest that an enzymatic reaction is not taking place during 
LTP-mediated cell wall loosening. Very recently, Cosgrove showed that a new class 
of expansins are functional cell wall loosening proteins even though they lack the 
putative endoglucanase-domain (67). Taken together, these fi ndings indicate that 
after binding, expansins and LTPs are both able of cell wall loosening without 
exhibiting enzymatic activity. 
In chapter 5, we showed that upon a unidirectionally applied force, wall extension or 
creep can be described by a logarithmic time function. But perhaps more interesting 
is the fact that when wall creep is enhanced by the addition of LTP, it can be described 
by the same logarithmic function, only with a higher logarithmic creep rate. These 
fi ndings suggest that cell wall extension is a process that is initiated at the time 
of force application (e.g. turgor pressure in vivo) and that LTP only facilitates the 
initiated process. Furthermore, the logarithmic time dependence suggests analogies 
to the slow dynamics typical of creep phenomena in many disordered systems found 
in physics. This analogy may allow the formation of physico-chemical models 
describing LTP-mediated cell wall loosening and wall dynamics on a microscopic 
level.
Because the binding to the cellulose/xyloglucan network appears to be essential for 
LTPs action, it would be worthwhile to study this binding in detail. The bacterial 
cellulose/xyloglucan composite is a good substrate for such studies since it is 
molecularly defi ned and less complex than plant cell walls. For example, one could 
try to disrupt the LTP-ligand binding with competing hydrophobic molecules. The 
affi nity, place and density of the binding on the cellulose/xyloglucan network could 
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give information about cell wall loosening mechanisms and these data could be 
fed into physico-chemical models describing the logarithmic behaviour of LTP-
mediated wall loosening. In addition, if recombinant LTPs could be expressed 
and shown to be active in the extensometer, mutations could be induced and could 
generate important data on how the activity of LTP is related to the structure of the 
protein. It may also be feasible to follow the cell wall loosening process in real time 
on a microscopic scale in an Atomic Force Microscope. Using this microscope, it may 
be possible to track the movement of individual cellulose microfi brils. Experiments 
such as these might lead us to a better understanding of the plant cell wall in general 
and of the process of cell wall loosening by LTPs in particular.
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Legends
Figure 1, chapter 2. Localization of the PPAL protein by immuno-detection. Sections of a mature 
tobacco stigma, incubated with anti-PPAL antibody (A) or pre-immune serum (B) with secretory zone 
(SZ), cortex (CO) and transmitting tissue (TT). Sections of mature tobacco ovary, 24 hours after pol-
lination incubated with anti-PPAL antibody (C) or pre-immune serum (D) showing ovules (OV) and the 
placenta (PL). Arrowheads indicate placental epidermis.
Figure 4, chapter 3. In situ localization of Ph-PPAL mRNA in the petunia stigma and style. (A) In situ 
hybridisation with an antisense Ph-PPAL dioxigenin-labelled RNA probe on petunia stigma and style 
at developmental stage 5. Purple coloration represents regions containing RNA-RNA hybrids. Ph-PPAL 
mRNA is expressed preferentially in the transmitting tissue (TT) of the style. Not mRNA was detected 
in the secretory zone (SZ) of the stigma. (B) In situ hybridisation with a sense LTP dioxigenin-labelled 
RNA probe on stigma and style at stage 5 (background control). 
Figure 6, chapter 3. Distribution of the Ph-PPAL protein by immuno-localization. Sections of a stage 
5 petunia stigma, incubated with anti-PPAL antibody (A) or pre-immune serum (B) with secretory zone 
(SZ) and transmitting tissue (TT). Dark purple coloration indicates cross-reaction of the antibody with 
Ph-PPAL protein.
Figure 3, chapter 4. (A) In situ hybridisation with an antisense LTP dioxigenin-labelled RNA probe on 
tobacco stigma and style at developmental stage 6 (14). Purple coloration represents regions contain-
ing RNA-RNA hybrids. LTP mRNA is expressed preferentially in the secretory zone (SZ) cells bordering 
the cortex (CO). (B) In situ hybridisation with a sense LTP dioxigenin-labelled RNA probe on stigma and 
style at stage 6 (background control). (C) RNA gel-blot analysis of LTP transcript isolated from stigmas 
of wild type (wt) and transgenic (tg) plants harbouring an LTP-RNAi construct. 10 µg of total RNA was 
loaded in both lanes and RNA integrity is shown by ethidium bromide stain.
Figure 4, chapter 4. (A) Ribbon representation of a 3D model of tobLTP2 obtained by homology 
modelling. TobLTP2 consists of four alpha helices (red) that form a hydrophobic cavity lined with 
hydrophobic residues (green, only some are depicted). (B) Space fi lling model displaying the surface 
charge distribution. The orientation is the same as in (A). The positively charged (basic) residues are 
shown in blue and the hydrophobic cavity is coloured green. Pictures were prepared using ViewerLite 
5.0.
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Summary
The mechanism developed by higher plants to reach successful fertilisation from 
pollination, is an intriguing subject of research. This process is highly regulated 
by the plant. On the one hand it forms a barrier against, for example, fungi or 
incongruous pollen tubes and on the other hand, it sustains compatible pollen 
tube growth. After pollination, a pollen grain takes up water from the stigma. 
Subsequently, the hydrated pollen germinates to form a tube that grows between the 
cells into the stigma towards the style.
In the stigma of tobacco (Nicotiana tabacum), a protein (PPAL) resides that belongs 
to the family of expansins. Expansins are mediators of a process called “cell wall 
loosening”. Since the rigid cell wall counteracts the internal osmotic pressure in the 
cell, loosening of the wall can lead to cell elongation and expansion. The fact that 
expansins are mostly present in young and expanding tissues is compatible with their 
function as cell wall loosening proteins. Interestingly however, the pistil-specifi c 
expansin PPAL is expressed in the mature pistil and its expression is increased upon 
pollination. The PPAL protein is secreted in the sticky fl uid layer (exudate) on top of 
the tobacco stigma, which forms the fi rst contact between pollen and pistil. Besides 
the presence of proteins and polysaccharides, the exudate is composed mainly of 
lipids, which are required for directional pollen tube growth. The specifi c expression 
pattern suggests that PPAL has a function in pollen pistil interaction. The starting 
point of this thesis was the hypothesis that PPAL facilitates pollen tube growth by 
loosening the cell walls of stigma cells. As a consequence, pollen tubes grow with less 
resistance between these cells because the tissue is loosened by PPAL.
The experiments conducted to test this hypothesis are described in Chapter 2. 
Immuno-localisations on pistil sections demonstrated that the PPAL protein 
accumulates in the secretory zone of the stigma and in the epidermal layer of the 
placenta in the ovary. The pollen tube growth in transgenic plants lacking PPAL 
expression were analysed. Although the transgenic plants did not contain detectable 
levels of PPAL, this did not signifi cantly impair pollen tube growth in vivo. 
To check whether PPAL is an active expansin, the protein was purifi ed from the 
exudate and tested in an extensometer for cell wall loosening activity in vitro. In 
contrast to exudate extracted from wild type plants or from transgenic plants lacking 
PPAL expression, purifi ed PPAL did not show any activity in the extensometer. 
These results indicate strongly that another protein, instead of PPAL, is responsible 
for the cell wall loosening activity of the exudate. 
To extend on these results, the expression of PPAL and its cell wall loosening activity 
was studied in another model system, petunia (Petunia hybrida). Chapter 3 describes 
that although tobacco and petunia are related species, the expression pattern of 
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petunia-PPAL (Ph-PPAL) mRNA differs greatly from the pattern observed in 
tobacco. Accumulation of Ph-PPAL transcript detected by in situ hybridisation in 
the style only and not in the stigma or ovary. This indicates that, after synthesis and 
secretion of Ph-PPAL by the stylar cells, the protein is transported to the stigma. As 
was shown for PPAL of tobacco, Ph-PPAL did not show cell wall loosening activity 
in the extensometer.  
Chapter 4 shows how the protein, responsible for the cell wall loosening activity 
of the tobacco exudate has been purifi ed and characterised. N-terminal sequence 
analysis of the protein identifi ed it as a Lipid Transfer Protein (LTP). LTPs 
originally have been described to transport lipids in vitro by binding them into 
the hydrophobic cavity of the protein. Although much is known about their 3D-
structure and expression patterns, the function of many LTPs in vivo remains unclear 
and is probably multiple. It is an unexpected fi nding that LTPs are able to loosen cell 
walls and therefore might cause cell growth. Analysis of the tobacco LTP mRNA 
demonstrated that the gene strongly is expressed in the secretory zone of the stigma. 
Exudate extracted from transgenic plants lacking LTP did not exhibit activity in the 
extensometer showing that LTP is responsible for the cell wall loosening activity 
in the exudate. Previous work on LTPs showed that benzene molecules bind to the 
hydrophobic cavity without altering the 3D-structure of the protein. Incubation of 
LTP with benzene before cell wall loosening assays destroys LTP’s activity. This 
demonstrates that the availability of the hydrophobic cavity is required for LTP 
mediated cell wall loosening. The model describing the working mechanism of 
LTP, assumes that LTP proteins bind hydrophobic components in the cell wall to 
their cavity causing breakage of hydrogen bonds in the wall. This leads to cell wall 
loosening and turgor driven cell expansion, in the same way as was suggested for 
expansins.
The activity of LTP is further studied by the search for a quantative description 
of LTP mediated wall extension upon unidirectional force application. Chapter 5 
shows that wall extension can be described by a simple function logarithmic in time. 
This type of behaviour suggests analogies to the “slow dynamics” systems, described 
in physics. Furthermore, only the rate of the logarithmic creep is increased upon 
addition of LTP, implying that LTP does not initiate new pathways for cell wall 
extension, but merely facilitates the endogenous process of cell wall extension.
The fi nal chapter discusses the similarities between the working models proposed 
for wall loosening by LTPs and expansins. Furthermore, this chapter reviews other 
functions that have been assigned to LTPs, such as in wax deposition, pollen tube 
adhesion and in defence against pathogens. The new function as cell wall loosening 
protein is compatible with several expression patterns described in literature. Finally, 
this chapter describes the preliminary analysis of transgenic tobacco plants lacking 
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LTP expression. From these analyses it is concluded that the transgenic plants are 
fertile, that the pistils are normal in their appearance and that there are no defects 
in pollen tube growth. The idea that expansins or cell wall loosening proteins in 
a broader sense facilitate pollen tube growth, appears not to be true for tobacco 
plants.  
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Samenvatting
Het mechanisme dat hogere planten hebben ontwikkeld om van bestuiving tot 
succesvolle bevruchting te komen, is een intrigerend onderzoeksonderwerp. Het 
proces wordt door de plant scherp gecontroleerd zodat aan de ene kant bescherming 
wordt geboden tegen ingroei van bijvoorbeeld schimmels of andere pollenbuizen 
en aan de andere kant de groei van pollen van de eigen soort wordt ondersteund. 
Na bestuiving neemt een pollenkorrel water op van de stempel. De gehydrateerde 
pollenkorrel kiemt zodat een pollenbuis begint te groeien. De buis groeit dan de 
stempel binnen, tussen de cellen door, richting de stijl. 
In de stempel van de tabaksplant (Nicotiana tabacum) komt een eiwit voor (PPAL) 
dat behoort tot de familie van de expansines. Van andere leden van deze familie 
is aangetoond dat zij celwanden kunnen verslappen. Aangezien de rigide celwand 
de hoge interne osmotische druk in de cel weerstaat, kan verslapping van de wand 
leiden tot celstrekking en toename van het celvolume. Het feit dat expansines vooral 
voorkomen in jonge strekkende weefsels, is in overeenstemming met de activiteit van 
expansines. Het interessante van de stamper-specifi eke expansine PPAL is dat het 
gen tot expressie komt in de volgroeide stamper en dat de expressie verhoogd wordt 
na bestuiving. Het PPAL eiwit wordt uitgescheiden in de plakkerige vloeibare laag 
(exudaat), bovenop de tabaksstempel die het eerste contact vormt tussen stamper 
en pollen. Het exudaat bestaat behalve uit eiwitten en suikers vooral uit vetten die 
essentieel zijn voor directionele pollenbuisgroei. Het expressie patroon van PPAL 
doet vermoeden dat de functie van PPAL te maken heeft met de interactie tussen 
pollen en de stamper. De hypothese die het uitgangspunt vormde van het onderzoek, 
stelde dat PPAL pollenbuisgroei bevordert door verslapping van de wanden van de 
stempelcellen. De buizen hebben dan minder moeite om tussen deze cellen door te 
groeien omdat het weefsel losser is gemaakt door PPAL. 
In Hoofdstuk 2 worden de experimenten beschreven die zijn uitgevoerd om deze 
hypothese te toetsen. Uit immunolocalisaties op coupes van stamper-weefsel bleek 
dat het PPAL eiwit voorkomt in de secretorische zone van de stempel en in de 
placentale epidermis van het vruchtbeginsel. De pollenbuisgroei werd geanalyseerd 
in transgene planten zonder PPAL expressie. Hoewel de transgene planten geen 
meetbare hoeveelheid PPAL eiwit meer bevatten, had dit geen signifi cante invloed 
op de doorgroeiende pollenbuizen. Om te controleren of PPAL een werkend 
expansine is, werd door middel van een extensometer in vitro gemeten of PPAL, 
gezuiverd uit het exudaat, inderdaad celwanden kan verslappen. In tegenstelling tot 
het ruwe extract van wild type exudaat en transgeen exudaat zonder PPAL, had 
gezuiverd PPAL geen activiteit in de extensometer. Dit is een sterke aanwijzing dat 
niet PPAL, maar een ander eiwit verantwoordelijk is voor de celwandverslappende 
activiteit in het exudaat.
Samenvatting
106
Om het onderzoek aan PPAL uit te breiden, is de expressie en expansine activiteit van 
PPAL in een ander modelsysteem, namelijk petunia (Petunia hybrida), geanalyseerd 
(Hoofdstuk 3). Hieruit bleek dat hoewel tabak en petunia gerelateerde soorten zijn, 
het mRNA expressiepatroon van petunia-PPAL (Ph-PPAL) sterk afwijkt van het 
patroon van tabak-PPAL. Ph-PPAL mRNA werd gelokaliseerd door middel van in 
situ hybridisatie in alleen de stijl in plaats van in vruchtbeginsel en stempel. Het Ph-
PPAL eiwit werd echter wel in de stempel en ook in het exudaat aangetroffen. Dit 
wijst erop dat, nadat de stijlcellen Ph-PPAL produceren, het eiwit naar de stempel 
wordt getransporteerd. Naar analogie van de situatie in tabak, kon ook voor het Ph-
PPAL eiwit geen activiteit in de extensometer worden aangetoond.
In hoofdstuk 4 wordt ondermeer beschreven hoe het eiwit, dat verantwoordelijk is 
voor de extensometrische activiteit van het exudaat, is gezuiverd en gekarakteriseerd. 
N-terminal sequencing analyse van het eiwit identifi ceerde het als een Lipid Transfer 
Protein (LTP). LTPs werden oorspronkelijk beschreven als eiwitten die vetten 
kunnen transporteren in vitro door deze te binden in de hydrofobe holte van het 
eiwit. Ondanks dat er veel bekend is over de 3D-structuur en de expressiepatronen 
van LTPs in verscheidene planten, blijft de functie van vele LTPs in vivo onduidelijk 
en is waarschijnlijk meervoudig. De vinding dat LTPs celwanden kunnen verslappen 
en hierdoor groei zouden kunnen veroorzaken is nieuw en onverwacht. Analyse van 
het mRNA laat zien dat LTP sterk tot expressie komt in de secretorische zone van 
de stempel. Exudaat van transgene planten zonder LTP expressie heeft de activiteit 
in de extensometer verloren hetgeen aantoont dat LTP verantwoordelijk is voor deze 
activiteit. Eerder werk aan LTPs heeft aangetoond dat benzeen in de hydrofobe holte 
bindt zonder de 3D structuur van het eiwit te veranderen. Als benzeen toegevoegd 
wordt aan LTP voor de metingen in extensometer, remt dit de activiteit van LTP. 
Dit toont aan dat de beschikbaarheid van de hydrofobe holte noodzakelijk is voor 
de celwandverslappende activiteit van LTP. Het model, dat deze activiteit beschrijft, 
stelt dat LTP met zijn holte aan hydrofobe componenten van de wand bindt en 
dat hierdoor waterstofbruggen in de wand verbroken worden. Dit leidt, zoals 
ook gesuggereerd is voor expansines, tot celwand verslapping en turgor gedreven 
celexpansie. 
In hoofdstuk 5 wordt verder in gegaan op de activiteit van LTP door een 
kwantitatieve beschrijving te zoeken van de uitrekking van de celwand onder invloed 
van een unidirectionele kracht in de extensometer. Het blijkt dat de uitrekking 
zich laat beschrijven door een logaritmische functie in de tijd hetgeen analogieën 
suggereert met “slow dynamics” systemen die bekend zijn in de natuurkunde. Als 
LTP wordt toegevoegd, gaat alleen de snelheid van de logaritmische uitrekking 
sneller. Dit impliceert dat toevoeging van LTP geen nieuwe processen tijdens de 
uitrekking initieert maar al bestaande processen faciliteert.
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Het model dat beschrijft hoe LTPs celwanden kunnen verslappen heeft sterke 
overeenkomsten met het werkingsmodel van expansines. Behalve dit, wordt in 
het laatste hoofdstuk ook bediscussieerd welke functies LTPs waarschijnlijk nog 
meer hebben in planten. Uit de literatuur blijkt namelijk dat zij een rol spelen in 
de afzetting van was, pollenbuis-adhesie en verdediging van planten tegen micro-
organismen. De nieuwe functie als celwandverslappend eiwit komt overeen met 
verscheidene beschreven expressiepatronen. Hoofdstuk 6 beschrijft tenslotte de 
voorlopige analyse van transgene tabaksplanten zonder LTP expressie. Hieruit 
blijkt dat de stampers er normaal uit zien, dat de planten vruchtbaar zijn en dat de 
pollenbuisgroei geen afwijkingen liet zien. Het idee dat expansines en in bredere zin 
celwandverslappende eiwitten pollenbuisgroei vergemakkelijkt, lijkt dan ook voor 
tabak niet houdbaar te zijn. 
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